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ABSTRACT 
The black marlin [Istiompax indica (Morrow, 1968)] is one of the largest teleost fish 
and has a continuous distribution throughout tropical waters of the Indo-Pacific. Throughout 
its range, I. indica has been documented to undertake wide-ranging, transoceanic and trans-
equatorial movements. In coastal waters and on the high seas I. indica may be targeted by 
commercial and artisanal fisheries, but the majority of the world’s landings are as a by-product 
species of tuna longline and purse seine fisheries. Due to its large size and ‘fighting qualities’, 
I. indica is also valued as a prized sport or game fish in recreational fisheries. While 
considerable effort to understand the level of exploitation of high value species such as the 
tunas has occurred, the stock status for many other species caught on the high seas such as 
many sharks, dolphinfish and istiophorid billfishes remain unassessed. This lack of attention is 
reflected by I. indica being listed as ‘Data Deficient’ on the International Union for 
Conservation of Nature Red List. The lack of attention and data available on I. indica extends 
to biological, ecological, taxonomic and fisheries catch records, which in turn hinders stock 
assessments and management. This thesis aims to improve the biological and ecological 
knowledge of I. indica, thereby providing a stronger foundation for assessments and 
management of stocks globally. 
Since the original taxonomic classification of billfishes (suborder Xiphioidei) using 
morphological data, the systematics of billfishes have been reshaped using genetic markers. 
The results of phylogenetic analysis recommended the expansion of Istiophoidae from three 
genera to five; Makaira, Istiophorus, Kajikia, Istiompax and Tetrapturus. Despite the 
taxonomic revision, several aspects of the Istiophoridae phylogeny remained unresolved, 
including the position of the genus Istiompax. To address the outstanding issues within 
Istiophoridae, a phylogenetic analysis was undertaken using whole mitogenomes for all billfish 
species. Phylogenetic analyses supported the presence of five genera within Istiophoridae and 
resolved the placement of Istiompax as the sister taxon to Kajikia + Tetrapturus. The 
investigation also provided new insights into the close genetic relatedness between a number 
of morphologically similar species within Tetrapturus and Kajikia. This study increased the 
phylogenetic resolution of istiophorid billfishes and highlighted the need for further work to 
resolve the genetic relationships among closely related billfish. 
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Increases in landings of billfishes has highlighted the need for accurate reporting and 
identification of morphologically similar species by boats operating in multi-species tuna 
fisheries. In the Atlantic Ocean, high rates of misidentification and misreporting between 
species of billfish have been identified, confounding our understanding of the stock status of 
Atlantic billfishes. Genetic analysis was undertaken to investigate whether misidentification of 
Pacific billfishes by fisheries observers was occurring in multi-species tuna fisheries. Tissue 
samples were collected from billfish that fisheries observers morphologically identified as I. 
indica. Genetic analysis of 83 samples using a suite of microsatellite markers revealed that 
77.1% of the putative I. indica were in fact blue marlin (Makaira nigricans) and 2.4% were 
striped marlin (Kajikia audax). The high rate of misidentification (~80%) by observers places 
considerable uncertainty over historic catch ratios of Indo-Pacific marlin species and stock 
assessments relying on the validity of these data. 
Increasing fishing pressure and uncertainty surrounding the valid identification of I. 
indica landed by commercial operators provided the impetus for development of methods for 
collecting tissue samples for population genetics research from recreational fisheries. A pilot 
investigation was undertaken to engage the Australian game fishing community and promote 
the non-lethal collection of tissue samples from I. indica. After validating the success of a pilot 
minimally invasive, non-lethal sampling program, the program was extended throughout the 
range of I. indica. Through a combination of non-lethal recreational sampling and tissue 
collected from commercially landed I. indica at fish markets, a total of 465 samples were 
collected from 13 locations throughout the species’ range. A suite of 17 microsatellite markers 
and 1557 nuclear single nucleotide polymorphisms was used to investigate genetic stock 
structure throughout the Indo-Pacific. The results indicated the presence of three genetic stocks 
1) Indian Ocean, 2) South Pacific Ocean and 3) North-west Pacific Ocean. Resolution of the 
genetic stock structure of I. indica provides a basis for implementing biologically meaningful 
assessments and management of the species throughout its range. The development of 
additional biological and ecological information will continue to reduce uncertainty around the 
status of black marlin stocks, and provide decision makers with capacity to drive the 
enforcement of other fishery-specific management controls. 
Understanding how environmental factors influence the distribution and abundance of 
billfishes provides insights into how environmental change may alter migration phenology, 
spawning, vertical distribution and survival rate of larvae. To characterise the vertical habitat 
 IV 
 
use of I. indica, temperature-depth profiles from 102 pop-up satellite archival tags deployed on 
I. indica off the east coast of Australia were examined in this study. Modelling of 
environmental variables revealed location, sea surface height deviation, mixed layer depth, and 
dissolved oxygen to all be significant predictors of vertical habitat use. This investigation also 
demonstrates, for the first-time, ontogenetic differences in vertical habitat in a species of 
billfish. Distinct differences in diel movements, diving behaviour and thermal range were 
observed among different size classes of I. indica. The differences in the diving behaviour 
among size classes were suggested to reflect ontogenetic differences in foraging behaviour 
and/or physiology. The outcomes from this study characterise the vertical habitat use of I. 
indica and further the understanding of pelagic fish ecophysiology in the presence of global 
environmental change.  Furthermore, the vertical distribution of I. indica identified herein 
provides information that could be used by policy makers to reduce bycatch mortality rates in 
fisheries where they are not targeted.  
It is anticipated that the outcomes of this research will provide fisheries managers with 
an enhanced understanding of population biology and ecology that can be used to inform 
management decisions and future research priorities of billfish. Knowledge gained by this 
thesis also add new insights into phylogeny and physiology of large pelagic fishes to benefit 
the disciplines of conservation and systematics. 
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Pelagic fishes 
Perciform fishes, also known as perch-like fishes, represent the largest order of 
vertebrates within the class Actinopterygii, or ray-finned fishes (Helfman et al., 2009). The 
perciformes were known to have evolved during the late Cretaceous Period and currently 
include more than 10,000 species who share a number of similar morphological characteristics 
including pectoral fin positioning, fin spines (dorsal and anal fin) and the presence of a caudal 
fin that is detached from both the dorsal and anal fins (Bone and Moore, 2008; Helfman et al., 
2009). This expansive group contains the most variable size range among any group of 
vertebrates on the planet, ranging from the members of the stout infant fish (Schindleria 
brevipinguis) through to top order predators, such as the blue marlin (Makaira nigricans) 
(Nakamura, 1985; Kisia, 2016). The ecology of perciform fishes also varies considerably 
among families, with individuals being known to occupy freshwater rivers, lakes and ponds, 
estuaries, coastal waters and the open ocean (Eschmeyer and Fong, 2012). The open ocean is 
home to a highly specialised group of perciforms known as the holoepipelagic fishes (Pepperell 
and Harvey, 2010). Holoepipelagic fishes refers to oceanic species which exhibit seasonal 
migratory behaviour such as marlins, sailfish, tuna, dolphin fish, sauries, ocean sunfishes, 
pelagic rays, sharks, as well as some pomfrets and flying fishes (Pepperell and Harvey, 2010). 
This has led to many of these species such as billfish and tuna being formally recognised under 
the United Nations Convention on Law of the Sea (UNCLOS) as ‘highly migratory’. The nature 
of these fishes is best described by Fray Martin Sarminto in 1757 who noted: ‘Los atunes no 
tienen patria, ni domiciolo constant. Todo el mar es patria ellos. Son unos Peces errantes’ 
which translates to ‘tuna have no native country, nor lasting home. All the sea is their native 
country. They are wandering fish’ (Pepperell and Harvey, 2010).  
The open ocean environment presents a number of unique challenges which have 
shaped the pelagic species that occupy it. The open ocean is often termed the ‘marine desert’ 
due to its lack of structural features and nutrients (Pepperell and Harvey, 2010). The open 
oceans lack of productivity means that species such as billfish must be capable of moving vast 
distances over short periods of time to find food (Pauly et al., 2002). To aid in large scale 
movement, morphological specialisations including large size, pointed snout extending into a 
bill, rounded trunk, lunate tail and ridged/semi ridged pectoral fins have developed in billfishes 
to promote a thunniform shape that minimises drag (Webb, 1982; Sfakiotakis et al., 1999; 
Videler, 2012). The streamlined morphology has, in part, enabled billfish to undertake large 
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scale, cross-ocean and inter-ocean migrations for foraging and spawning (Ortiz et al., 2003). 
Furthermore, these large pelagic predators are also capable of reaching high speeds, in excess 
of 10–15 m s−1, over short distances (Block et al., 1992), that can be achieved when hunting 
prey (Iosilevskii and Weihs, 2008).  
Stock structure and movement ecology 
Understanding the stock structure and connectivity of a species is fundamental for 
effective fisheries management (Ovenden et al., 2015). The identification of demographically, 
geographically or genetically separate stocks is used to inform the spatial extent of management 
units and regulation of fishing pressure at the stock level (Cadrin et al., 2013). However, 
investigating stock structure and connectivity in migratory species presents a unique challenge 
(Graves and McDowell, 2003). The ability for highly migratory species to move large 
distances, including between ocean basins, means that stocks can cross multiple jurisdictional 
boundaries, resulting in conflict between the jurisdictional stock management unit and extent 
of a biological stock (Maguire, 2006). To uncover the migratory patterns, stock structure and 
connectivity of a species, researchers utilise differing techniques depending on the species or 
question of interest. For stock identification in pelagic fishes the analysis of fisheries dependent 
data, genetic makers and tracking the movement of individuals or populations of fish are 
recognised as some of the most effective tools to investigate species’ ecology (Miller, 2007; 
Cooke et al., 2008; Block et al., 2011).  
Genetic methods have proven to be one of the most effective techniques for examining 
and detecting population structure in highly migratory species. Determining stock structure 
through genetic inference overcomes the inherent difficulties associated with attempting to 
directly observe the movement of organisms in the marine environment (Ovenden et al., 2015). 
Moreover, the mobile of highly migratory species means that there are few physical barriers to 
geneflow and therefore, signatures of population differentiation are often weak when present 
(Graves & McDowell 2003).  The use of genetics has shown to be particularly effective when 
investigating marine species that move and occupy large spatial scales (Graves and McDowell, 
2003; Cooke et al., 2008). In addition, advancements in Next Generation Sequencing (NGS) 
technology during the past decade have further enhanced the ability to detect discrete signatures 
of population structure (Allendorf et al., 2010). The advances in NGS technologies are of 
particular importance to highly migratory species which are generally characterised as having 
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weak signals of genetic differentiation and high intraspecific noise (Waples, 1998). Recent 
analysis of stock structure using NGS developed multi-locus nuclear markers has enabled the 
detection of multiple stocks in migratory pelagic fishes that were previously considered to have 
large homogeneous populations (Grewe et al., 2015; Smith et al., 2015).  
The development of NGS technologies are not the only recent advancement in the field 
of movement ecology. The use of pop-up satellite archival tags (PSATs) and new movement 
models has also played a considerable role in understanding the movement of marine animals 
(Lennox et al., 2017). Movement data collected from PSATs has provided unprecedented 
insights into physical and behaviour drivers of movement (Lea et al., 2015; Lam et al., 2016). 
Understanding the behavioural drivers in highly migratory species is important for determining 
the reproductive strategies (philopatry, fidelity or partial migration) that influence the 
distribution of a stock, and subsequent the susceptibility of stocks to fishing pressure (Holmes 
et al., 2014; Rooker et al., 2014). Given the high energetic demands of large pelagic fishes, the 
need to find food is a primary driver of movement (Brill 1994). As many predatory fishes are 
generalist feeders and can cover large distances in search of food, researchers often discover 
highly variable intraspecific movement patterns that are difficult to attribute to the 
environmental conditions, feeding behaviours or reproductive drivers alone (Horodysky et al., 
2016). However, the collection of high resolution time-series data from archival tags and use 
of new movement models has helped overcome much of this ‘noise’ to help elucidate fine-
scale drivers of movement (Jonsen et al., 2013). As a result of these technological advances, 
researchers are now better able to understand complex drivers, such as feeding dynamics and 
environmental effects (e.g. thermal inertia), which were long attributed as being stochastic 
noise.  
Variation in the physical composition of the water column also plays a considerable 
role in the movement ecology of large pelagic fishes (Horodysky et al., 2016). Investigating 
animal tracking data in combination with remote sensing or in-situ environmental data has 
provided new insights into how morphologically and physiologically different species adapt to 
their environmental niche (Luo et al., 2015; Matley et al., 2016; Carlisle et al., 2017). Large 
spatio-temporal datasets have also shown how environmental change can influence the 
distribution and abundance of pelagic fish through the use of species distribution models (Hill 
et al., 2016). In addition, the collection of information on depth occupancy has added another 
dimension to movement ecology, with studies revealing strong links to eco-physiological 
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limitation of operating within and outside of the thermocline (Braun et al., 2015). The 
capability to collect data on animal movements, physical factors and genetic connectivity 
continues to expand rapidly, and with it so do advances in the field of movement ecology 
(Ovenden et al., 2015; Lennox et al., 2017).  
Billfish and their interactions with humans 
The billfishes (suborder Xiphioidei) are epi-pelagic fishes that comprises two families, 
Xiphiidae and Istiophoridae (Nakamura, 1985). The monotypic Xiphiidae contains only one 
extant species, the swordfish Xiphias gladius, while Istiophoridae comprises nine distinct 
species (Collette et al., 2006). The most widely distributed species, X. gladius, occupies a 
cosmopolitan distribution, moving seasonally between tropical and temperate waters 
(Nakamura, 1985). The istiophorid billfishes are diverse in natural distribution: the blue marlin 
(Makaira nigricans) and sailfish (Istiophorus platypterus) are found circum-tropically, while 
the white marlin (Kajikia albida), longbill spearfish (Tetrapturus pfluegeri) and roundscale 
spearfish (Tetrapturus georgii) occur only in the Atlantic Ocean (Nakamura, 1985; Collette et 
al., 2006). The most geographically restricted species is the Mediterranean spearfish 
(Tetrapturus belone) which has a range that does not extend far beyond the Mediterranean Sea 
(Collette et al., 2006). The three other istiophorid billfish, the black marlin (Istiompax indica), 
striped marlin (Kajikia audax) and shortbill spearfish (Tetrapturus angustirostris) all have 
overlapping ranges throughout the Indian and Pacific Oceans (Nakamura, 1985).  
The significance of billfish can be best recognised through their status as important 
food and game fishes (Majkowski, 2007). Interactions between humans and billfish have a long 
history with early Roman illustrations depicting X. gladius being hunted with harpoons in the 
Mediterranean Sea (Pepperell and Harvey, 2010; Battaglia et al., 2017). Harpooning of X. 
gladius in the Mediterranean Sea still occurs in the current day (Figure 1.1), with other notable 
billfish harpoon fisheries operating off Taiwan, Newfoundland (Canada) and the Ryukyu 
Islands of Japan (Nakamura, 1942; Chiang et al., 2015; Battaglia et al., 2017). Since the 
industrialisation of distant water fishing during the last century, the pressure from commercial 
exploitation of fish stocks has expanded throughout all of the major ocean basins. The increase 
in fishing effort, primarily from industrial longline and purse seine fleets, has resulted in 
continual increases in the landings of tunas and billfishes globally (Juan-Jordá et al., 2011; 
Pons et al., 2016). As a result, commercial fishing of billfish is now common practice in many 
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parts of the world with global tuna and billfish fisheries representing >9% of annual marine 
fish catches and upwards of 20% of gross value of production for some Pacific nations (FAO, 
2012; Bell et al., 2013).  
The increasing global demand, economic incentive and spatial extend of industrialised 
fisheries now poses a threat to many pelagic fish stocks, resulting in almost half of billfish 
stocks globally now considered overfished or experiencing overfishing (Pons et al., 2017). 
Declines in the biomass of billfish stocks are most evident in the Indian Ocean, where four of 
the five assessed stocks are subject to overfishing, of which two are also recognised as 
overfished (IOTC, 2016a). It is a similar story in the Atlantic and Pacific Oceans where over a 
third of billfish stocks are defined as overfished, and many others remain unassessed (Sharma 
et al., 2017). The poor stock status of billfishes is reflective of the growing demand for their 
meat in the global market as well as their value as a subsistence fishery for many developing 
nations (Sharma et al., 2017). Of further concern is that reporting of billfish catches globally 
are likely to be underestimating the actual catch, due to the limited data accessibility from 
artisanal fleets and misreporting from distant water fleets (Collette et al., 2011b; Derrick et al., 
2017). Due to the growing commercial fishing capacity and data deficiencies, management of 
over-exploitation has been recognised as the major challenge for ensuring long-term 
sustainability of billfish stocks globally (Collette et al., 2011b). 
 
Figure 1.1. Photo of a harpoon fishermen targeting billfish as they bask in surface 
waters off the South coast of Taiwan. 
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The importance of istiophorid billfish also extends to recreational fisheries where they 
support tourism and recreation in many parts of the world (Ditton, 2003). Istiophorid billfishes 
are regarded as prized sport/game fishing species due to their potential large size and ‘fighting 
qualities’. To maximise the social, economic and ecological value of istiophorid billfish, a large 
number of coastal communities have established recreational game fish fisheries (Ditton and 
Stoll, 2003). These game fish fisheries often undertake catch-and-release fishing to support 
healthy fish stocks and world class fishing tourism experiences. The economic benefits of these 
specialist billfish charter fisheries in a number of developing nations is enough to provide 
economic security to coastal communities through ecotourism (Ditton et al., 2002; Holland, 
2003). Quantitative economic assessment of recreational billfish fisheries to the U.S. Atlantic 
coast, Puerto Rico, Costa Rica and Mexico was estimated at between 203 and 340 million USD 
(Ditton and Stoll, 2003). The value of istiophorid billfish in these regions has led to regulatory 
protection through prohibitions on the commercial landing or sale of istiophorid’s  to promote 
the economic incentives associated with sport fishing tourism and recreation (Ditton and Stoll, 
2003; Gentner, 2016).  
The social value of billfish to recreational sport fishers has also been recognised through 
a number of istiophorid species becoming voluntary catch-and-release sport fish in many parts 
of the world (Ditton and Stoll, 2003). In Australian waters, it is estimated that over 96% of 
istiophorid billfishes are voluntarily released after capture (Pepperell, 2013). The flow-on 
effects of this resource stewardship have also led to best practice fish handling techniques, less 
invasive gear types (i.e. circle hooks) and a shift in the recreational sector to ‘no-kill’ 
tournaments (Ditton and Stoll, 2003; Serafy et al., 2009; Horodysky et al., 2016). However, 
while many sports fishing destinations for istiophorid billfish undertake catch-and-release 
practices, there are a number of fisheries such as in the U.S. Western Pacific islands where the 
recreationally harvest of istiophorid billfish is common practice (Dalzell and Boggs, 2003). 
Although recreational harvest fisheries for billfish operate over relatively small spatial scales, 
further information on catches are required to fully understand the ecological impacts of these 
fisheries (Dalzell and Boggs, 2003). 
The black marlin (Istiompax indica)  
The black marlin (Istiompax indica) is one of the world’s largest teleosts fish species 
with a distribution throughout tropical and subtropical waters of the Indo-Pacific (Nakamura, 
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1985). The migratory ability of I. indica has been noted through broad scale movements of 
tagged individuals, including trans-equatorial and trans-oceanic migrations (Ortiz et al., 2003; 
Domeier and Speare, 2012). Its capacity to cover large distances in short time frames is assisted 
by a large size and streamlined body shape. Like all species of billfish, I. indica is sexually 
dimorphic, which size at first maturity and maximum size varies between males and females. 
Females are known to grow in excess of 700 kg, while males reach maximum size of about 200 
kg (Nakamura, 1985). Istiompax indica is also characterised by fast growth rates and a high 
reproductive potential. Age and growth estimates of fish in caught the Southwestern Pacific 
and South China Sea indicate that female maturity occurs at 3–4 years of age (~100kg), while 
males mature at 2–3 years of age (~60 kg) (Speare, 2003; Domeier and Speare, 2012; Sun et 
al., 2015). In addition, I. indica is a highly fecund batch spawner, and large females can carry 
as many as 40 million eggs when in spawning condition (Nakamura, 1985). Despite being 
highly fecund, studies to assess spawner-recruitment relationships of I. indica off Eastern 
Australia suggest that successful fertilisation and recruitment are likely to be highly influenced 
by environmental conditions (Pepperell, 1990). While some effort has been made to investigate 
which environmental factors influence the movement of I. indica (Domeier and Speare, 2012; 
Chiang et al., 2015; Hill et al., 2016), more work is required to understand how the physical 
environment impacts the behavioural ecology and physiology.  
Analysis of catch, movement and reproductive data has provided an insight into the 
formation of seasonal I. indica aggregations to forage and spawn (Nakamura, 1975; Nakamura, 
1985; Shimose et al., 2008). Notable aggregations have been reported in Northeast Australia, 
Central East Pacific Ocean, Northwest Australia, the Central West Indian Ocean, the Gulf of 
Thailand, the South China Sea and the East China Sea (Williams et al., 2015a). Of these 
aggregation sites, spawning has only been noted to occur off the Great Barrier Reef from 
September to November (Leis et al., 1987; Campbell et al., 1996; Gunn et al., 2003) and in the 
South China Sea during March and April (Sun et al., 2015). In contrast, other aggregation sites 
such as in waters off Panama, Mauritius and Japan have been described as foraging grounds 
due to the absence of fish in spawning condition (Cyr et al., 1990; de Sylva and Breder, 1997; 
Shimose et al., 2008). An investigation into the genetic structure of individuals from known 
and suspected spawning areas in the Central Indo-Pacific identified that aggregations off the 
Great Barrier Reef and in the South China Sea represent genetically distinct populations 
(Williams et al., 2015a). The genetic analysis also supported the presence of a separate 
population of I. indica in the Indian Ocean (Williams et al., 2015a). However, to inform stock 
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management units for each ocean basin, a further, more wide-ranging study that includes 
samples from the Western Indian Ocean, Central Pacific and Eastern Pacific Ocean is required. 
The need for this additional work is highlighted by current biological anomalies such as the 
absence of a defined spawning area in the Indian Ocean, despite evidence showing that the 
ocean basin is likely to comprise at least one discrete stock (Williams et al., 2015a).  
Istiompax indica is an important recreational species throughout its range. In Australian 
waters the importance of I. indica to the game fishing sector is represented through its status 
as a recreational-only species in Australia’s Exclusive Economic Zone (EEZ) (Campbell et al., 
1996). The Australian game fish fishery targets all life stages of I. indica, with spawning adults 
targeted off the Great Barrier Reef, and a large number of sub-adult and young-of-the-year fish 
caught seasonally throughout Australia’s tropical and sub-tropical waters (Domeier and 
Speare, 2012). Other countries with prominent game fish fisheries for I. indica include 
Mozambique, South Africa, Kenya, Seychelles, Panama, Mexico, Ecuador, Costa Rica and 
Nicaragua. Due to the popularity of I. indica as a premier recreational species, there has been 
a large interest and subsequent involvement of anglers assisting with the research of this species 
(Pepperell and Harvey, 2010). As a result, over 65,000 I. indica have been tagged and released 
by recreational anglers participating in the New South Wales Game Fish Tagging Program 
(DPI, 2015). The participation of anglers in research also extends to billfish tagging programs 
in other parts of the world including the Billfish Foundation Tag & Release Program, the 
African Billfish Foundation Tagging Program, and the International Game Fish Association 
(IGFA) Great Marlin Race (GMR) (Ortiz et al., 2003). These programs not only provide 
insights into the spatial structure of game fish, but have also established a network of skilled 
anglers that assist with research-related activities. Furthermore, by practicing catch-and-release 
fishing practices as part of the tagging program it helps the sustainability of the species and 
provides financial opportunities for communities that rely on sport fishing tourism (Barnett et 
al., 2015).  
While I. indica is a recreational-only species within Australia’s EEZ in other parts of 
their range it is a commercially important species and subject to fishing pressure from longline, 
purse seine, harpoon and artisanal fisheries (Ditton and Stoll, 2003; Kitchell et al., 2004). The 
most notable commercial markets for I. indica are Japan, Korea and Taiwan, however, the 
species is also regularly caught and sold by small coastal fleets throughout its range (Ueyanagi, 
1972). The recent increase in the value of I. indica to developing nations has led to a 
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considerable rise in landings by nations such as Sri Lanka, Iran, India and Indonesia (Figure 
1.2), which rely on catches for both export and subsistence (IOTC, 2016b). This increased 
catch, in combination with a lack of data on the biology, ecology and productivity for this 
species has been noted as a concern to international management agencies (Collette et al., 
2011a; IOTC, 2016a). The most recent stock assessment for I. indica in the Indian Ocean 
reported the stock as overfished and subject to overfishing (IOTC, 2016b). The need for better 
biological data for the species is also supported by the International Union for Conservation of 
Nature (IUCN) assessment which listed I. indica as ‘data deficient’ (Collette et al., 2011a). 
Therefore, to provide certainty to the assessment and management of I. indica stocks globally, 
there is a need for improved biological information to define the number and spatial extent of 
stocks that exist throughout their range (Collette et al., 2011a; Graves and McDowell, 2015; 
Williams et al., 2015a).  
 
 
Figure 1.2. Total I. indica catch (BLM) in the Indian Ocean between 1950 and 2015 
by year and gear type. Figure adapted from IOTC (2016).  
Aims of this study 
Despite I. indica being important to recreational and commercial fisheries throughout 
its range, published biological and ecological information available for this species remains 
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limited. This study sequenced mitochondrial genomes for all species of billfish to investigate 
the phylogenetic relationships within istiophoridae, including assessment of the taxonomic 
placement of I. indica. Molecular markers were then used to assess misidentification rate of 
morphologically identified Pacific marlin by fisheries observers. This study also developed a 
novel citizen science sampling program, which was used to collect tissues from throughout the 
range of I. indica, before undertaking a global genetic analysis of stock structure. Satellite 
tracking data were also used to provide insights into the vertical habitat use, environmental 
drivers of movement and ontogenetic variability of I. indica throughout the Southwestern 
Pacific. The overall objectives for this thesis were to provide information to inform the 
assessment and management of the species, as well as contribute to the broader knowledge of 
fish biology and fisheries science.  
The specific aims of this study were to: 
Test whether the phylogenetic hypothesis proposed by Collette et al. (2006) was 
supported using a phylogeny constructed from whole mitogenome sequence data and 
whether these data could clarify unresolved phylogenetic issues, including; 1) the 
uncertain placement of I. indica and T. georgii; & 2) the inability to discriminate species 
within Tetrapturus and Kajikia. The secondary aim was to determine the mtDNA 
region(s) that most closely reflected the phylogenetic partitioning derived from the 
whole mitochondrial genomes. (Chapter 2)  
 
 Assess the rate of I. indica and M. nigricans misidentification reported by fisheries 
observers in the Pacific Ocean. (Chapter 3) 
 
 Investigate whether volunteer recreational anglers can collect a sufficient number of 
tissue samples from I. indica for future population genetic research. (Chapter 4) 
 
 Evaluate the genetic stock structure of I. indica throughout its known range in order to 
determine the most appropriate stock model for management. (Chapter 5) 
 
 Examine 1) the variation of vertical habitat use among differing size classes of I. indica; 
and 2) explore physical factors to better understand how they influence the depth 
utilisation of I. indica.  (Chapter 6) 
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CHAPTER 2: ANALYSIS OF WHOLE MITOCHONDRIAL GENOME 
SEQUENCES INCREASES PHYLOGENETIC RESOLUTION OF 
ISTIOPHORID BILLFISHES 
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Abstract 
The billfishes are a group of highly migratory fishes comprising two extant families. 
The family Xiphiidae is monotypic and contains only the broadbill swordfish [Xiphias gladius 
(Linnaeus 1758)], while the nine-other species of billfishes constitute the family Istiophoridae. 
The outcomes of past phylogenetic investigations using partial nuclear and mitochondrial 
(mtDNA) sequences recommended a restructuring of Istiophoridae, by expanding the three 
existing genera into five; Makaira, Istiophorus, Kajikia, Istiompax and Tetrapturus. However, 
several aspects of the Istiophoridae phylogeny remain unresolved, including the position of the 
genus Istiompax. In this investigation, we sequenced the whole mitogenomes for all istiophorid 
billfish species. Phylogenetic analyses supported the presence of five genera within 
Istiophoridae and resolved the placement of Istiompax as the sister taxon to Kajikia + 
Tetrapturus. Genetic identity between the striped marlin [Kajikia audax (Philippi, 1887)] and 
the white marlin [Kajikia albida (Poey, 1860)] was found to be higher than between Indo-
Pacific and Atlantic clades of both the blue marlin [Makaira nigricans (Lacépède, 1802)] and 
sailfish [Istiophorus platypterus (Shaw, 1792)], suggesting recent isolation or ongoing genetic 
connectivity between K. audax and K. albida. An assessment of mtDNA gene regions 
identified NADH dehydrogenase subunit 4 (ND4) as best reflecting the phylogenetic 
reconstruction using the whole mitogenomes, while cytochrome b (Cytb) was the only gene 
region able to separate all species of billfishes in this study. Our investigation increased the 
phylogenetic resolution of istiophorid billfishes and underscores the need for further 
investigations to fully resolve the complex genetic relationships within Tetrapturus and 
Kajikia. 
Introduction 
The billfishes comprise two extant families, Istiophoridae and the monotypic Xiphiidae. 
The taxonomic classification of billfishes of the family Istiophoridae proposed by Nakamura 
(1985) was based on the examination of 66 morphological characters. This taxonomic 
classification separated the 11-recognised species of istiophorid billfishes into three genera; 
Makaira, Tetrapturus and Istiophorus (Nakamura, 1985). The two circumtropical species, the 
blue marlin of the genus Makaira and sailfish of the genus Istiophorus, were separated into 
different allopatric species (Indo-Pacific and Atlantic). The taxonomic classification also 
placed black marlin into Makaira based on its high morphological similarity to the blue marlin 
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and assigned the six remaining istiophorid billfishes to Tetrapturus (Nakamura, 1985). Since 
the original description by Nakamura (1985), the use of mitochondrial DNA (mtDNA) has 
been fundamental in reshaping the biological systematics of billfishes.  
Population structure analysis of blue marlin and sailfish samples from the Atlantic and 
Pacific identified the presence of two genetically distinct mtDNA lineages (Atlantic and 
Ubiquitous) for both species (Graves and McDowell, 1995; Buonaccorsi et al., 1999). The 
distribution of mtDNA lineages between Atlantic and Pacific samples indicated that these 
lineages are representative of historically isolated populations that have since experienced 
geneflow (Graves and McDowell, 1995; Buonaccorsi et al., 1999). The observation of 
geneflow between Atlantic and Pacific blue marlin and sailfish supported a subsequent the 
revision of billfish taxonomy by Collette et al. (2006). Based on sequence data from three 
mtDNA regions (control region, ND2 and 12S) and a single copy nuclear marker (MN32), 
Collette et al. (2006) recommended a rearrangement of Istiophoridae to include five genera; 
Kajikia, Makaira, Tetrapturus, Istiompax and Istiophorus. The two new genera comprised the 
placement of the black marlin [Istiompax indica (Morrow, 1968)] in Istiompax and assigned 
the striped marlin [Kajikia audax (Philippi, 1887)] and white marlin [Kajikia albida (Poey, 
1860)] to Kajikia. The revision also reduced the number of species to nine, combining putative 
Atlantic and Indo-Pacific species of both blue marlin [Makaira nigricans (Lacépède, 1802)] 
and sailfish [Istiophorus platypterus (Shaw, 1792)] into single, circumtropical species. Despite 
considerable effort being made to address the taxonomy of billfishes, a recent review of billfish 
phylogeny by Graves and McDowell (2015) identified the need for further research to address 
the unresolved placement of some genera and lack of genetic resolution among a number of 
closely related species within Istiophoridae.    
Sequencing and analysis of mtDNA gene regions have proved instrumental in 
addressing questions regarding species delineation, taxonomy, phylogeny and population 
structure in marine fishes (Goldstein and DeSalle, 2011). While sequence analysis of mtDNA 
gene regions has been successful in resolving phylogenetic uncertainty for many species groups 
(Toews and Brelsford, 2012), analyses of a limited number of gene regions has resulted in low 
phylogenetic resolution and contrasting topologies for the billfishes. A recent review of 
istiophorid billfishes identified the uncertain placement of Istiompax, in relation to the other 
billfishes as a knowledge gap (Graves and McDowell 2015). Another phylogenetic uncertainty 
concerns the placement of the roundscale spearfish [Tetrapturus georgii (Lowe, 1841)]. A 
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phylogenetic reconstruction by Santini and Sorenson (2013), recovered T. georgii deeply 
nested within Tetrapturus using concatenated sequences from eight mitochondrial and two 
nuclear markers. A second study to investigate the distribution of T. georgii using the ND4L-
ND4 region highlighted further issues for the phylogenetic positioning of taxa within both 
Tetrapturus and Kajikia (Bernard et al., 2013). Using the ND4L-ND4 gene region, Bernard et 
al. (2013) were unable to discriminate the longbill spearfish [Tetrapturus pfleugeri (Robins and 
de Sylva, 1963)]) and the Mediterranean spearfish [(Tetrapturus belone Rafinesque, 1810)] or 
K. audax and K. albida. 
The inability to discriminate species within Tetrapturus and Kajikia using mtDNA has 
been identified by other studies, with the close genetic identities between the taxa being clearly 
demonstrated through DNA barcoding investigations (Hanner et al., 2011). This is exemplified 
in the fish Barcode of Life (FISH-BOL) DNA barcoding study of billfish which concluded, 
‘The lack of resolution of COI to discriminate half of the billfish species is notable given the 
relative utility of DNA barcoding based on this locus in other fish groups (Hanner et al., 2011)’. 
In total, nine mitochondrial and five nuclear regions have been assayed for their ability to 
discriminate among species, but no single marker has been able to differentiate all species 
within the genus Kajikia or Tetrapturus (Graves and McDowell 2015). This lack of resolution 
is caused by the presence of shared mtDNA haplotypes and close genetic identities between 
separate species within these genera (Graves and McDowell 2015). Given the importance of 
genetic markers in the recent revision of the billfish taxonomy by Collette et al. (2006), there 
is a need for additional genetic analyses to address the ambiguities that remain in the 
relationship among billfish taxa. 
The greater phylogenetic resolution associated with utilising the whole mitochondrial 
genome has been attributed to the increased statistical power obtained from using the maximum 
number of mtDNA characters, potentially providing the ability to overcome conflicting signals 
that may be present in different gene regions (Simmons and Miya, 2004). Although increasing 
the statistical power of a dataset does not guarantee the ability overcome misleading signals, it 
may aid in reducing the effect of homoplasy from non-coding regions (Howell et al., 2003). 
The analysis of whole mitochondrial genomes for phylogenetics have resolved a number of 
taxonomic groupings where previous estimates based on individual gene approaches resulted 
in poor support for divergence points between closely related taxa including blackbirds, bears, 
cetaceans and sea turtles (Yu et al., 2007; Duchêne et al., 2011; Vilstrup et al., 2011). The 
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successful clarification of relationships in other taxonomic groups highlights the potential 
value of undertaking a whole mitochondrial phylogenetic investigation as the next step in 
furthering our understanding of billfish phylogeny. The primary aim of this study was to test 
whether the phylogenetic hypothesis proposed by Collette et al. (2006) was supported using a 
phylogeny constructed from whole mitogenome sequence data and whether these data could 
clarify unresolved phylogenetic issues. The secondary aim was to determine the mtDNA 
region(s) that most closely reflected the phylogenetic partitioning derived from the whole 
mitochondrial genomes. To do this, phylogenetic trees were generated for individual mtDNA 
regions and tested for congruence with whole mitogenome trees. 
Methods 
DNA sample and Genome Assembly 
 The whole mitogenomes for at least one individual of each istiophorid billfish species were 
sequenced and used in conjunction with additional mitochondrial genomes for Istiompax 
indica, M. nigricans, I. platypterus, K. audax and Tetrapturus angustirostris obtained from 
GenBank for phylogenetic analyses (Table 2.1). Previous genetic investigations of billfishes 
have identified mitochondrial clades that represent signatures of historical isolation in many of 
the interoceanic species (Graves and McDowell, 1995; Williams et al., 2015a). Therefore, to 
capture the extent of genetic differentiation within a species, we selected samples belonging to 
different clades (i.e. Atlantic and ubiquitous clades for M. nigricans and I. platypterus) (Graves 
and McDowell 1995) by comparing control region (CR) from existing Genbank mitogenomes 
to CR sequence data from samples held at the Virginia Institute of Marine Science (McDowell 
and Graves, unpublished data).   
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Table 2.1. Overview of billfish mitochondrial genome characteristics.  
Note: genomes sequenced in this study are identified by * at the start of their accession number  
 Taxa       Genome Length (bp) 
# Genus  Scientific Name common name Sample Source Accession No. total protein coding rRNAs tRNAs control region 
1 Kajikia K. albida White marlin Mid-Atlantic Ocean, USA *KU315127 16,528 11,415 2,658 1,531 844 
2  K. audax Striped marlin Japan NC_012678 16,526 11,415 2,657 1,531 843 
3   Striped marlin Western Pacific Ocean, 
Australia 
*KU315126 16,515 11,415 2,657 1,531 832 
4 Istiompax I. indica Black marlin Eastern Indian Ocean, 
Australia 
*KJ510417 16,532 11,415 2,657 1,531 849 
5 
  
Black marlin Japan NC_012675 16,526 11,415 2,657 1,530 844 
6 
  
Black marlin Western Pacific Ocean, 
Australia 
*KJ510416 16,531 11,415 2,657 1,531 848 
7 Tetrapturus T. angustirostris Shortbill spearfish Western Pacific Ocean, 
Australia 
*KU315125 16,508 11,415 2,657 1,531 826 
8 
  
Shortbill spearfish Japan NC_012679 16,509 11,415 2,657 1,531 827 
9 
 
T.  pfluegeri Longbill spearfish Western Atlantic Ocean, 
Brazil 
*KU315121 16,508 11,415 2,657 1,531 826 
10 
 
T. belone Mediterranean 
spearfish 
Mediterranean Sea *KU315122 16,509 11,415 2,657 1,531 827 
11 
 
T. georgii Roundscale spearfish Mid-Atlantic Ocean, USA *KU315123 16,500 11,415 2,657 1,530 819 
12 Makaira M. nigricans Blue marlin Mid-Atlantic Ocean, USA *KU315120 16,533 11,415 2,657 1,531 850 
13   Blue marlin Japan NC_012680 16,534 11,415 2,657 1,531 851 
14 Istiophorus I. platypterus Sailfish Japan AB470306 16,524 11,415 2,657 1,531 841 
15 
  
Sailfish Mid-Atlantic Ocean, USA *KU315124 16,523 11,415 2,657 1,531 840 
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High molecular weight DNA was extracted from archived tissue samples following the 
salting-out method as described by Sunnucks and Hales (1996). After extracting the DNA, a 
genomic library for sequencing was developed with the KAPA HYPER DNA sample 
preparation kit (Illumina, San Diego, CA) and sequenced using an Illumina HiSeq2000 
(Illumina, San Diego, CA) that supported the acquisition of 125 bp pair-end reads. Resulting 
reads were mapped against pre-existing mitogenomes of closely related species using Geneious 
v8.1.2 software (Kearse et al., 2012). During the mapping of reads against the reference 
genomes, all bases were given a quality score and regions of a sequence that had a greater than 
5% chance of an error per base were excluded from genome construction. Indels and 
ambiguities were validated based on methods described by (Blower et al., 2013). Genes were 
annotated using the web-based tool MitoAnnotator (Iwasaki et al., 2013). Once constructed the 
whole genomes sequences were deposited in GenBank (see Table 2.1 for Accession No.). 
Phylogenetic analysis 
Whole mitogenomes were aligned using the MUSCLE algorithm (Edgar, 2004), with 
default parameters in Geneious 8.1.2 (Kearse et al. 2012). The alignment of whole 
mitogenomes was visually inspected to verify the presence of indels before being deposited in 
the eSpace online repository for open access (see Supplementary Material). Phylogenetic 
analyses were then conducted on each data set using maximum parsimony (MP), maximum 
likelihood (ML) and Bayesian (BA) frameworks. To determine which nucleotide substitution 
model best fit the data for ML and BA analysis, a model test was run on the complete 
mitochondrial genome alignment and evaluated using Bayesian Information Criterion (BIC) 
and Akaike Information Criterion (AIC) in PAUP* Version 4 (Swofford, 2003). Unweighted 
MP construction was undertaken using a heuristic search algorithm in PAUP* (Swofford 
2003). Phylogenetic analyses under ML and BA were produced using RAxML v7.2.6 and 
MrBayes v3.3 plugins for Geneious (Ronquist and Huelsenbeck 2003; Stamatakis 2006). For 
ML and BA analyses the general time reversible (GTR) model with gamma distribution (G) 
and proportion of invariable sites (I) was used (as selected based on BIC and AIC values). The 
percentage genetic identity between taxa, the transition to transversion bias, and ratio of 
synonymous/non-synonymous substitutions were each calculated using a ML framework with 
GTR+G+I model in MEGA 7 (Kumar et al., 2016). To examine the phylogenetic relationships 
within Istiophoridae, the broadbill swordfish (Xiphias gladius - GenBank accession number 
NC_012677) was defined as the outgroup for all analyses. For BA analyses the Metropolis-
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coupled Markov Chain Monte Carlo (MC³) computation consisted of four chains of 1,000,000 
generations, sampling every 200th tree after a 5% burn-in with all other parameters maintained 
as default. Convergence and mixing of the chain of each analysis was evaluated using MrBayes 
v3.3 plugins for Geneious to check that the effective sample size values were all above 200 
(Ronquist and Huelsenbeck, 2003; Stamatakis, 2006). Branch support for BA analysis was 
inferred by posterior probability indices.  
Phylogenetic resolution of mitochondrial regions 
To determine the congruence between the tree topology of individual mtDNA gene 
regions and the whole mitochondrial genomes, we partitioned the whole mitogenome into each 
protein coding gene region, rRNA genes and the CR. Partitioning and MUSCLE alignment of 
mtDNA regions was performed using Geneious 8.1.2 (Kearse et al. 2012). To ensure 
consistency when comparing the information content between tree topologies, the phylogenetic 
reconstruction of all mtDNA regions was undertaken using the same methodology and models 
(i.e. GTR+G+I for ML) described for the whole mitogenome phylogeny. The information 
content of a region for phylogeny was determined by its concordance between MP trees 
produced using single mtDNA regions and the whole genome tree topology, which was 
quantified using Partitioned Bremer Support (PBS) analysis in TreeRot.v3 (Sorenson and 
Franzosa, 2007). To provide an evaluation of concordance between likelihood trees, the mean 
relative similarity (MRS) was estimated between tree topologies produced using individual 
mtDNA regions and the whole mitochondrial genome using the APE package in R (Paradis et 
al., 2004). Tree topologies produced using individual gene regions were also visually inspected 
to assess the ability of each region to resolve taxa to species level and their ability to cluster 
taxa into the five genera proposed by Collette et al. (2006). 
Results 
Mitogenome characterisation 
Characterisations of 15 istiophorid billfish mitogenomes are summarised in Table 2.1. 
Complete mitogenomes of the billfishes ranged from 16,500 – 16,534 bp in size. The variability 
in sequence length was primarily associated with insertions within the non-coding CR. A 1 bp 
insertion within the 16S rRNA of the K. albida mitogenome represented the only variation in 
the length of a coding gene region. The same gene content and order was identified within all 
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genomes, comprising 13 protein coding regions, 22 tRNA genes, 2 rRNAs and a control region. 
All of the mtDNA genes were encoded on the H-strand with the exception of ND6 gene, which 
was found to encode on the L-strand. Across all genomes the sequence mean coverage was 243 
sequences/bp, the minimum coverage was 99 seq/bp and maximum sequence coverage 873 
seq/bp. The estimated transition/transversion bias (R) was 7.04 and the ratio of 
synonymous/non-synonymous substitutions per site was estimated to be -12.68. Across the 
alignment of all mitogenomes, 59% of the sites did not vary and the average nucleotide 
frequency of billfish mitogenomes was A = 27.4%, C = 30.4%, G = 16.4% and T = 25.9%. The 
pyrimidines to purines ratio among genomes ranged from a GC nucleotide frequency of 46.2% 
to 47.1%. 
Phylogenetic analyses 
The tree topologies produced using ML, MP and BA were congruent and had high 
bootstrap support for all major nodes (bootstrap and posterior probabilities >99%) (Figure 1). 
This topology supports partitioning of istiophorid taxa into the five genera proposed by Collette 
et al. (2006). The phylogenetic tree illustrates the separation of taxa into two separate clades. 
Clade 1 contained mitogenomes from the genus Makaira and Istiophorus (PP = 1.00, BSP = 
100%), which are sister to the remaining billfish genera; Istiompax, Kajikia and Tetrapturus 
which formed Clade 2 (Figure 2.1). 
Within clade 2 each genus was also monophyletic, however, the relationships among 
Tetrapturus, Istiompax and Kajikia differed from Collette et al. (2006). Our phylogeny revealed 
high support for a sister relationship between Tetrapturus + Kajikia, with Istiompax forming a 
sister relationship to Tetrapturus + Kajikia (PP = 0.99, BSP = 100%), whereas the phylogeny 
by Collette et al. (2006) resolved Istiompax as sister to Kajikia (Figure 2.1). The clustering of 
Istiompax as sister to Kajikia by Collette et al. (2006) rendered Tetrapturus and Kajikia (which 
at the time comprised a single genus Tetrapturus) as polyphyletic.  
Within our phylogeny, K. audax was the only species with multiple mitogenomes that 
did not comprise a monophyletic clade. A similar pattern was observed in the phylogeny by 
Collette et al. (2006), where the sequences for K. audax were not monophyletic. However, our 
topology differed slightly from Collette et al. (2006), with one of the K. audax mitogenomes 
clustering more closely with the K. albida genome, than the second K. audax genome. 
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The most diverse genus, Tetrapturus, clustered into separate clades, which were 
concordant with the results of Collette et al. (2006). The first clade contained T. georgii, which 
formed a sister relationship to the second clade that consisted of the other three spearfishes; T. 
belone, T. pfluegeri and T. angustirostris (PP = 1.00, BSP = 100%). Within the second clade 
the Atlantic spearfishes, T. belone and T. pfluegeri were the most closely related taxa. The only 
Indo-Pacific spearfish T. angustirostris, was found to share a common ancestor to T. belone + 
T. pfluegeri.  
Figure 2.1. Comparison of A) the whole mitogenome consensus phylogenetic tree with 
molecular clock divergence times and B) the maximum parsimony tree constructed by 
Collette et al. (2006). Branch support is shown as a measure of bootstrap support/posterior 
probability (ML/BA) for tree A and bootstrap support (mtDNA/nuclear data) for tree B; * 
indicates branches with 100% support, all other values are expressed in full. The letter after 
the species name denotes the oceanic origin of the genome; (P) = Pacific; (A) = Atlantic; and 
(I) = Indian. 
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Genetic relatedness 
The lowest similarity between taxa from separate genera was 94% genetic identity 
between genomes from Tetrupturus with genomes from Istiophorous. In contrast, the closest 
genetic identity between taxa from different genera was between Istiompax and Kajikia, with 
an average genetic identity of 96.3% (See supplementary data). Within Tetrupturus, the 
pairwise genetic identity between T. belone and T. Pfluegeri was higher (99.8% identity) than 
between genomes of the species T. angustirostris (99.7%). Close genetic identities between 
mitogenomes from different species were also noted between T. angustirostris mitogenomes 
with those from both T. belone, and T. pfluegeri (99.5%). The intraspecific pairwise identity 
ranged from 99.7% between mitogenomes of I. indica to as low as 98.2% (290bp) for M. 
nigricans mitogenomes. Within Kajikia, the genetic identity between the two K. audax 
mitogenomes (99.3%) was equal to that observed for K. albida and K. audax mitogenomes 
(99.3%).  
Assessing the performance of mtDNA regions 
A comparative analysis of the phylogenetic resolution provided by individual mtDNA 
regions demonstrated variability in the information content among gene regions. Clear 
differences in the number of genera that could be resolved and variation in the bootstrap support 
for branching points were present among mtDNA regions. Using both parsimony and 
likelihood approaches, the ND4, Cytb, CR and ND2 regions were found to be the most 
informative based on their Partitioned Bremer Support (> 1.75) and Mean Relative Similarity 
scores (> 0.75) (Figure 2.2). These four regions were also observed to cluster species into the 
five genera identified by Collette et al. (2006) with a posterior probability >80%. Although the 
partitioning of species using ND4, CR and ND2 was consistent with that of the whole 
mitochondrial genome topology, only one mtDNA region, Cytb, was able to separate K. audax 
and K. albida to species level. The topologies generated using cytochrome oxidase 1 (CO1), 
ATP6, ND1 and CO3 were less reliable at reconstructing the phylogenetic relationships 
produced using whole mitochondrial genomes and were found to have low bootstrap support 
at divergence points. The remaining mtDNA regions (ND3, CO2, ATP8, ND4L, ND6, 16s and 
12s) were found to have MRS values and PBS values less than 0.65 and 1.25, respectively 
(Figure 2.2). It was observed that the tree topologies produced by these regions were unable to 
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produce a partition of species into the five separate genera defined by Collette et al. (2006), 
suggesting that they hold low information content for phylogenetic inference.  
Figure 2.2. A scatter plot of the partitioned bremer support (PBS) and mean relative similarity 
(MRS) analysis result. MtDNA regions which have a greater similarity to the mitochondrial 
genome tree are scored the highest on each axis as a measure of phylogenetic performance. 
Discussion   
A review of previous phylogenetic investigations of billfishes reported the need to 
resolve uncertainties within the Istiophoidae, including the positioning of Istiompax and the 
lack of resolution among species within both Tetrapturus and Kajikia (Graves and McDowell 
2015). This is the first study using the whole mitochondrial genome sequences from all 
istiophorid and xiphiid billfishes to provide increased phylogenetic resolution to the family 
Istiophoridae. Our results support the restructuring of Istiophoridae into five separate genera 
by Collette et al. (2006). By using whole mitochondrial genomes, we were able to resolve the 
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position of Istiompax as the sister taxon to Kajikia + Tetrapturus and provide clarification to 
the position of T. georgii as the sister to the remaining spearfishes. However, as with previous 
studies, the high genetic identity between K. audax and K. albida resulted in the inability to 
resolve taxa within Kajikia to species level using the whole mitochondrial genome. 
The results of this study clarify the relationships within the family Istiophoridae, 
particularly the well supported placement of Istiompax as the sister to Kajikia and Tetrapturus. 
Since the original morphological classification by Nakamura (1985) of the black marlin as 
Makaira indica, it has been subject to considerable taxonomic uncertainty. The original 
classification noted I. indica as possessing very similar internal and external morphology (91% 
of characters) to M. nigricans and considered its placement in the genus Makaira to be 
‘appropriate to a considerable extent’ (Nakamura 1985). However, these morphological 
similarities are not consistent with the large genetic distances observed between the 
mitochondrial genome of I. indica and M. nigricans. The comparison of whole mitochondrial 
genomes identified Kajikia as the closest related extant taxa to I. indica (~94% genetic 
similarity) and supported the placement of I. indica in the monotypic genus Istiompax by 
Collette et al. (2006). We therefore recognise the placement of I. indica as the sister to Kajikia 
and Tetrapturus using the whole mitochondrial genomes. 
The use of mitogenomes also provided clarification to the placement of T. georgii 
within Tetrapturus. In contrast to Santini and Sorenson (2013) who recovered T. pfluegeri as 
the sister to the remaining spearfishes, our mitogenome analyses provided strong support for 
the placement of T. georgii as the sister taxon to the remaining spearfishes, with T. pfluegeri 
clustering as the sister to T. belone. The placement of T. georgii as the sister taxon to the 
remaining spearfishes is supported by previous morphological and molecular investigations 
(Collette et al., 2006; Shivji et al., 2006). Given this, it is likely that the exclusion of four out 
of the ten gene regions for T. belone and T. georgii and/or the use of nuclear markers by Santini 
and Sorenson (2013) to construct their concatenated gene tree contributed to the nesting of T. 
georgii deeply within Tetrapturus.  
Our phylogenetic analysis identified a high level of genetic similarity between genomes 
from the genus Tetrapturus. This is not surprising as many of the spearfishes are geographically 
constrained to the Atlantic Ocean, with only one species T. angustirostris, occurring throughout 
the Indo-Pacific. The restricted range and close genetic identities between the most recent 
lineages, T. pflugerii and T. belone (99.8%), suggest that lineage sorting may be ongoing 
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between these two species. Despite the low sample sizes used herein, the possibility that the 
close genetic identities are the result of recent divergence within Tetrupturus is supported by 
the identification of few variable morphological character states between the two species 
(Nakamura 1985; Shivji et al. 2006).  
The comparison of genetic identities between mitogenomes from the same species also 
provided insights into the evolutionary relationships between species of the genus Kajikia. The 
inclusion of M. nigricans and I. platypetrus mitogenomes that represent different historic 
mtDNA lineages (Atlantic and Ubiquitous) in the analysis, provides us with unique insights 
into the extent of genetic differentiation that can occur between individuals from the same 
species. The finding of 98.2% and 99.2% genetic identities between the Atlantic and Indo-
Pacific (Ubiquitous) genomes for M. nigricans and I. platypetrus, respectively, suggests that 
these allopatric lineages once experienced periods of genetic isolation. This intraspecific 
divergence between mitogenomes for both M. nigricans (98.2%) and I. platypetrus and 
(99.2%) was also observed to be less than the identity between K. audax and K. albida 
mitogenomes (99.4%). The observation of higher genetic identity between K. audax and K. 
albida, suggests these lineages may have only recently diverged (ongoing lineage sorting) or 
that gene flow may still be occurring between these lineages. While divergence time estimates 
and life history data are required to understand if the period of isolation has been long enough 
to permit speciation, the hypothesis of ongoing genetic connectivity between K. audax and K. 
albida has been previously inferred based on their ecology and genetic similarity’s (Penrith 
and Cram, 1972; Graves and McDowell, 1995). Given the close genetic relatedness within both 
Kajikia and Tetrupturus, we recommend that future studies employ a multi-disciplinary 
approach to species delimitations that includes morphological characters, geographic 
information, nuclear and mtDNA genetic markers (Solís‐Lemus et al., 2015).  
Our investigation into the phylogenetic resolution of different mtDNA regions provides 
insights as to why previous studies have been unable to delineate among closely related taxa 
(Collette et al. 2006; Hanner et al. 2011; Santini and Sorenson 2013). In assessing the 
performance of individual mtDNA gene regions, ND4, CR, ND2 and Cytb were identified as 
the best regions for separating the istiophorid billfishes into their respective genera as defined 
by Collette et al. (2006). The high evolutionary rate of the CR has led to it being identified as 
a region of high homoplasy and low phylogenetic resolution for estimating the arrangement of 
taxonomic groups when compared to other mtDNA regions (Duchêne et al., 2011). In contrast, 
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we found the CR to be one of the most informative regions for estimating the phylogenetic 
structure within Istophoridae. It is likely that the high mutation rate of the CR resulted in a 
larger number informative sites, facilitating the partitioning of billfishes, which have close 
genetic identities. The Cytb gene was the only mtDNA region capable of separating all 
mitogenomes into their respective species, including species of the genus Kajikia. This 
suggests it may also be an informative region for future phylogenetic investigations using only 
a single region and should be explored further for its DNA barcoding capabilities across a 
larger sample sizes. 
Our phylogenetic investigation of the billfishes using whole mitogenomes supports the 
recent systematic restructuring of the billfishes and provides the necessary power to resolve 
the placement of I. indica and T. georgii within the phylogeny. Our investigation also revealed 
that, although the whole mitogenome is a useful tool for investigating intergeneric differences, 
Cytb was the only mtDNA region capable of differentiation between all taxa to species level. 
However, given the limitations of mtDNA as a single, maternally-linked marker, there is a need 
to investigate whether the analyses of nuclear makers support the phylogenetic relationships 
among billfish inferred from the analysis of whole mtDNA genomes. To resolve the 
evolutionary relationships within Kajikia and Tetrapturus, we recommend that future 
investigations explore interdisciplinary approaches that include multi-locus nuclear markers, 
morphological characters and broad geographic sampling of voucher specimens.  
Supplementary data 
The whole mitogenomes alignment used to build the phylogenetic trees can be 
downloaded from the open access online repository at 
http://espace.library.uq.edu.au/view/UQ:410773. Additional supplementary material is 
available at the Bulletin of Marine Science online version of the manuscript. 
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CHAPTER 3: MISIDENTIFICATION OF PACIFIC OCEAN BILLFISHES 
BY FISHERIES OBSERVERS RAISES UNCERTAINTY OVER STOCK 
STATUS 
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Abstract  
Data collected by fisheries observers are important for effective fisheries management. 
With large, multi-species fisheries often catching a diverse range of species, the accurate 
identification of morphologically similar species represents an ongoing challenge. High levels 
of misidentification and misreporting of catch at the species level has been previously identified 
to influence the information that is used to determine the status of billfish. In this study, we 
investigated whether commercially landed black marlin Istiompax indica were being 
misidentified by fisheries observers operating throughout the Pacific Ocean. Observed records 
of landed catch were compared to samples from those fish by genotyping across a suite of 
microsatellite markers. Genetic assignment testing revealed that, of 83 samples reported by 
observers as I. indica, 77% were genetically identified to be blue marlin Makaira nigricans 
and 2% to be striped marlin Kajikia audax. The high rate of misidentification by observers 
places considerable uncertainty over historic catch ratios of Indo-Pacific marlin and stock 
assessments relying on the validity of these data 
Introduction 
The rise in commercial fishing effort since the industrialisation of distant water fleets 
has added pressure on pelagic fish stocks that were previously inaccessible in some areas of 
their range (Swartz et al., 2010). The impact of increased fishing effort has resulted in an 
estimated 28 - 40% of fish stocks globally, being over exploited (Worm et al., 2009; Branch et 
al., 2011). While considerable effort has been made to understand the level of exploitation of 
high value species such as the tunas, the stock status for many other species caught on the high 
seas such as many sharks, dolphinfish and billfishes remain unassessed (Pons et al., 2016). 
Further uncertainty over stock estimates occurs due to misreporting, mislabelling and 
misidentification of many low-value species (Garcia-Vazquez et al., 2012). The consequences 
of intentional misreporting of catches or mislabelling of seafood are well documented and have 
been shown to mask declines of fish stocks, and lead to a continued exploitation of species that 
are protected or illegal to sell (Watson and Pauly, 2001; Jacquet and Pauly, 2008). In contrast, 
while little attention has been given to an assessment of unintentional misidentification of catch 
by trained fisheries observers, the consequences can also jeopardise the status of fish stocks 
(Beerkircher et al., 2009; Garcia-Vazquez et al., 2012; Tillett et al., 2012). The misreporting 
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of catch has the potential bias abundance indices and result in levels of fishing mortality that 
may exceed sustainable levels. 
Identification of commercially landed fish to the species level by fisheries observers 
plays an important role in the validation of reported catch by vessels, and the collection of 
useful biological data. Misidentification of carcharhinid sharks by fisheries observers is 
unsurprising as many species have similar body morphologies, and has been demonstrated to 
occur through the use of molecular markers to confirm species-identity (Tillett et al., 2012). 
The shark misidentification rate of 20% made by observers was considered likely to result in 
incorrect estimates of fisheries mortality which are used for modelling stock resilience (Tillett 
et al., 2012). Misidentification and the subsequent misreporting of catches has also been 
determined to occur between roundscale spearfish Tetrapturus georgii (Lowe, 1841) and white 
marlin Kajikia albida (Poey, 1860), two morphologically similar species of billfish (Shivji et 
al., 2006; Beerkircher et al., 2009). In the western North Atlantic, a genetic analysis of tissue 
from morphologically-identified K. albida showed that 17% of individuals sampled were in 
fact T. georgii (Shivji et al., 2006). Such misidentification raised concern to the stock 
assessments and the conservation status of the both species (Shivji et al., 2006). A further 
genetic investigation and assessment of observer data showed that up to 27% of the putative K. 
albida catches were T. georgii (Beerkircher et al., 2009). This high misidentification rate led 
reassessing the historical catch ratios and population growth rates for the two species, with past 
stock assessments being declared unreliable (Beerkircher et al., 2009). 
Black marlin Istiompax indica (Cuvier, 1832) and blue marlin Makaira nigricans 
(Lacépède, 1802) are the largest species of billfish and occupy overlapping distributions in the 
Indian and Pacific Oceans. Makaira nigricans stocks have been assessed throughout its range. 
In the Indian and Atlantic Oceans M. nigricans stocks are currently subject to overfishing, with 
the Atlantic stock also deemed to be overfished, while fishing pressure in the North Pacific is 
estimated to operate at sustainable levels (ICCAT, 2011; ISC, 2016). Within the Pacific Ocean 
I. indica stocks remain unassessed, while in the Indian Ocean the stock is classified as 
overfished and subject to overfishing (IOTC, 2016b). The similar body morphologies of these 
two species of billfish have long been recognised, given they were previously placed in the 
same genus – (Makaira) (Nakamura, 1985). Identification guides highlight morphological 
characters that allow for the accurate species level identification of whole I. indica and M. 
nigricans specimens. However, processed or trunked billfish that lack key morphological 
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characters, such as the anal, dorsal and pectoral fins, are much more difficult to identify reliably 
(Pepperell and Grewe, 1998).  
The demonstrated misidentification of some Atlantic billfish species raises the 
possibility that wide-spread misidentification could be occurring among morphologically 
similar billfish species in other ocean basins. While the misidentification of Pacific billfishes 
caught by pelagic longline vessels has previously been noted, the extent of misidentification 
has not previously been examined (Sharples et al., 2000; Walsh et al., 2005). Based on findings 
by Walsh et al., (2005) identifying the presence of misidentification I. indica and M. nigricans, 
we aim to test the rate at which misidentification is occurring. To test this hypothesis, we used 
genetic markers to determine the true identity of specimens that were morphologically 
identified as I. indica by fisheries observers operating on commercial vessels throughout the 
Pacific.     
Methods 
Tissue samples were obtained from commercially landed specimens that were 
identified as I. indica by fisheries observers. Billfish were opportunistically sampled between 
2000 to 2015 by observers operating in the Pacific longline fisheries as part of the Western and 
Central Pacific Fisheries Commission (WCPFC) and National Oceanic and Atmospheric 
Administration - Southwest Fisheries Science Centre (SWFSC) observer program (Honolulu, 
HI) as well as from observers operating in the Eastern Pacific purse seine fisheries by the Inter-
American Tropical Tuna Commission (IATTC) program (Figure 3.1). Observer-collected 
tissue samples comprised either muscle, liver or fin tissue and were preserved in 90% ethanol 
or RNAlater® (Life Technologies, CA) for long-term storage.  
DNA extraction was performed using DNeasy blood and tissue extraction kits 
following the manufacturer’s protocols (QIAGEN Inc., Valencia, CA). The samples were 
amplified across 18 loci shown to be diagnostic for species identification using the PCR 
protocol described by Williams et al. (2015a). To ensure that microsatellite loci were 
informative markers for species identification, the level of pairwise genetic differentiation 
(FsT) between reference I. indica and M. nigricans was estimated for each locus using GenAlEx 
ver. 6.5 (Peakall and Smouse, 2012). The reference M. nigricans (n=10), K. audax (n=10) and 
I. indica (n=10) genotypes were collected during characterisation and cross-species 
amplification undertaken by Williams et al. (2014). The per-locus FsT between species-pairs 
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was ranked from the highest to the lowest for each of the 18 microsatellites. Of the 18 loci, five 
(ISIN011, ISIN013, ISIN016, ISIN033 & ISIN037) were selected for downstream assignment 
testing based on the presence of significant FsT values > 0.30 (p <0.001).  
Figure 3.1. Map of the Pacific Ocean showing the location of samples collected by Western 
and Central Pacific Fisheries Commission (purple) n = 18, Inter-American Tropical Tuna 
Commission (red) n = 50 and Pacific Island Regional Office (green) n = 18 observer 
programs.  
To assess the probability of observer-collected samples belonging to a given species we 
undertook an assignment test in GeneClss2 (Piry et al., 2004). The set of reference I. indica, 
K. audax and M. nigricans genotypes were used to form ‘reference populations’ to which 
individual samples were assigned. Individuals were classified using the Rannala & Mountain 
Bayesian method of computation (Rannala and Mountain, 1997) and were assigned to a 
population in GeneClass2, if their population assignment score was greater than 99%. A 
discriminant analysis was then performed for principal components (DAPC) in the R-package 
adegenet (Jombart et al., 2010) to validate the species identification using a non-model based 
method. Genotypes from reference samples and those collected by observers were included in 
the DAPC. We set the number of clusters was set as K=3 to allow for clustering of observer 
collected samples to the reference species (M. nigricans, K. audax and I. indica). 
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Results 
Observer-collected samples (n = 86) were genotyped across all the diagnostic loci with 
the exception of three samples, which did not amplify across several of the diagnostic loci. As 
a result, these samples were excluded from downstream assignment testing to ensure accuracy 
in species identification. The genetic assignment test scored all samples with >99% likelihood 
as being I. indica, K. audax or M. nigricans. Of the samples, 64 of the samples identified as I. 
indica by observers were genetically assigned as being M. nigricans and one sample as being 
a K. audax. This was confirmed using the DAPC analysis where all samples were shown to 
clearly cluster with either the reference I. indica, K. audax or M. nigricans samples (Figure 
3.2). The remaining sample which was not able to be confidently assigned (>99% likelihood) 
using GeneClass2 clustered with the K. audax reference samples using DAPC and therefore 
putitively classified as K. audax. Overall, 80% of putative I. indica samples were found to be 
misidentified as M. nigricans ( 77%) and K. audax (2%). The proportions of misidentified I. 
indica samples varied among observer programs, with misidentification rates of 90%, 88% and 
44% for the IATTC, WCPFC and SWFSC observer programs respectively (Table 3.1).  
 
Table 3.1. Overview of the misidentification rate of Istiompax indica samples by species, 
across each observer program. 
† NA: refers to samples that did not amplify across several of the diagnostic loci and were 
excluded from calculations of percentage misidentification. 
 
Observer 
Program 
Samples collected as 
I. indica 
I. indica M. nigricans K. audax 
NA 
Percentage 
misidentified 
PIRO 18 10 8 -  44% 
IATTC 50 5 42 1 2 90% 
WCPFC 18  2 14 1 1 88% 
Total 86 17 64 2 3 80% 
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Figure 3.2. DAPC scatterplot showing the clustering of observer samples (circles) from the 
WCPFC (purple), IATTC (red) and PIRO (green) with the species reference samples 
(triangles) for K. audax (grey), I. indica (black) and M. nigricans (blue). Species acronyms in 
Figure legend are as follows; STM = K. audax; BLM = I. indica; and BUM = M. nigricans 
Discussion 
We observed that of the 86 purported I. indica samples, 80% were misidentified across 
the three observer programs, with 64 specimens genetically identified as M. nigricans and two 
as K. audax. This result supports our hypothesis, that a high rate of misidentification of I. indica 
(as M. nigricans) occurs within the Pacific Ocean. The observed high rate of misidentification 
is of concern, as it suggests that a significant proportion of fish reported as I. indica in the 
Pacific Ocean are actually M. nigricans. Given the noted impacts of differing species catch 
proportions and growth rates on population biomass assessments for misidentified billfishes in 
the Atlantic Ocean (Shivji et al., 2006; Beerkircher et al., 2009), the results from this study 
raise uncertainty over status of Pacific marlin stocks.  
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Isolated misidentification of billfish catches by pelagic longliners operating in the 
Pacific Ocean have previously been noted; however, the rate of misidentification has not 
previously been examined (Sharples et al., 2000; Walsh et al., 2005). Several processes can 
lead to species misidentification including; inadequate training, weather conditions (e.g. time 
of day or sea state), poor species identification guides, observer error (e.g. writing the wrong 
species code) and specimens that are genuinely difficult to identify morphologically, 
particularly if identification is attempted after removal of key morphological features (Walsh 
et al., 2005). Indeed, it has been recognised that confidence in the ability to delineate between 
species of billfish can be very low when fish have been part processed (removal of fins, head 
and tail, leaving only the trunk), as is often the case for billfish taken by purse seine vessels 
(Pepperell and Grewe, 1998; Sharples et al., 2000). In the current study, information on the 
state of individual specimens from which tissue samples were collected for genetic analysis 
was not available, which highlights the need for photographic documentation to aid further 
assessment. Hence, we were unable to explore a possible link between on-board processing of 
individuals and species identification. However, it is recommended that observer-training be 
updated to provide greater confidence in future observer data, through a wider application of a 
specialist field guide that provides detailed criteria for identification of all Indo-Pacific billfish 
species, when alive, dead or trunked in various ways see Pepperell and Grewe (1998). 
While M. nigricans stocks are currently assessed to be sustainable in the North Pacific 
Ocean (ISC, 2016), if the misreporting of catches is widespread it is likely to have considerable 
implications for future assessment of stocks. The implication that could result from 
misreporting include the realisation of higher than previously believed increased M. nigricans 
catches (and conversely, lower than previously reported I. indica catches) and uncertainty 
surrounding historical catch ratios for marlin. In addition, the identification of K. audax that 
were reported as I. indica also raises concerns over the true catch of K. audax, as they are 
currently assessed as overfished and subject to overfishing in the western and central North 
Pacific Ocean (Lee et al., 2013). In the absence of an investigation to assess the rate of 
misidentification of samples reported by observers as M. nigricans and K. audax it is difficult 
to understand the full extent that this misreporting may have on stocks. Therefore, we 
recommend that a genetic survey of observer identified M. nigricans and K. audax catches in 
the Pacific Ocean be undertaken.  
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Given that commercial logbook data is used in stock assessments, there is also a need 
to investigate whether species reporting in logbooks reflect the level of misidentification by 
fisheries observers. Understanding the full extent of misreporting by observers and in logbooks 
will help to determine how the long-term catch constructions and age-length relationships for 
these species may have been affected. It should be noted that misreporting from observers in 
the Eastern Pacific purse seine fishery may not compromise past assessments as data from this 
fishery is not currently used, however, the outcomes of this study highlight the importance of 
correct identification for future assessments. Our findings also raise concern regarding the 
identification of billfish stocks in the Indian Ocean, where current catches of I. indica, K. audax 
and M. nigricans are all considered subject to overfishing (IOTC, 2016b; c). Therefore, a 
genetic assay of observer reported catches of marlins throughout the Indian Ocean is 
recommended. 
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CHAPTER 4: THE NOVEL APPLICATION OF NON-LETHAL CITIZEN 
SCIENCE TISSUE SAMPLING IN RECREATIONAL FISHERIES 
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Abstract 
Increasing fishing pressure and uncertainty surrounding recreational fishing catch and 
effort data promoted the development of alternative methods for conducting fisheries research. 
A pilot investigation was undertaken to engage the Australian game fishing community and 
promote the non-lethal collection of tissue samples from the black marlin Istiompax indica, a 
valuable recreational-only species in Australian waters, for the purpose of future genetic 
research. Recruitment of recreational anglers was achieved by publicizing the project in 
magazines, local newspapers, social media, blogs, websites and direct communication 
workshops at game fishing tournaments. The Game Fishing Association of Australia and the 
Queensland Game Fishing Association were also engaged to advertise the project and recruit 
participants with a focus on those anglers already involved in the tag-and-release of marlin. 
Participants of the program took small tissue samples using non-lethal methods which were 
stored for future genetic analysis. The program resulted in 165 samples from 49 participants 
across the known distribution of I. indica within Australian waters which was a sufficient 
number to facilitate a downstream population genetic analysis. The project demonstrated the 
potential for the development of citizen science sampling programs to collect tissue samples 
using non-lethal methods in order to achieve targeted research objects in recreationally caught 
species. 
Introduction 
With growing pressure on fish stocks and the uncertainty surrounding recreational 
fishing catch and effort data, the application of community-based monitoring is becoming an 
effective tool for fishery managers (Gledhill et al., 2014). Fisheries research to assess the 
genetic stock structure of fish communities have predominantly been applied to commercially-
caught species (Ward et al., 1994), as tissue samples are easily acquired from landed fish. 
However, in recreational fisheries, obtaining suitable sample sizes poses a significant 
challenge, particularly for species that are classed as ‘no-take’ in the commercial fishing sector. 
To address both the need for population genetic indices for recreational-only caught species, 
and ameliorate the high sampling costs for genetic investigations (Ward et al., 1994; Dudgeon 
et al., 2012), researchers must now explore alternative sample acquisition strategies. The use 
of citizen science for collection of samples by the recreational fishing community is a technique 
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that is still in its infancy with quality control and inability to maintain interest among 
participants commonly hampering progress (Granek et al., 2008; Danylchuk et al., 2011).  
Technological advances have been touted as ‘the future of citizen science’ (Parsons et 
al., 2011) by providing simplified collection methods which benefit projects through 
decreasing costs (Tulloch et al., 2013), reductions in collection errors, and increases in 
observational data (Silvertown, 2009). This enhancement is largely driven by the collection of 
observational data using smart phones (i.e. GPS reference points and digital images) by 
ecological monitoring programs, many of which lack targeted research objectives (Conrad and 
Hilchey, 2011; Tulloch et al., 2013). As a result, little recent attention has been given to 
developing the application of direct biological sampling methods through training or 
recruitment of skilled volunteers to address targeted research objectives. ‘Sport’ and/or ‘game’ 
fishers represent a community group more broadly defined as recreational fishers who support 
an extensive social and geographic network of skilled and informed anglers. Engaging 
recreational anglers to participate in citizen science projects has been shown to deliver benefits 
such as acquiring samples in remote locations across broad geographic ranges that are 
otherwise inaccessible due to logistic and financial limitation (Chin, 2014) and reducing bias 
associated with sampling of the commercial sector (Fairclough et al., 2014).  
Fisheries research is a discipline which has had past success in addressing targeted 
research objectives by employing recreational anglers to assist in the collection of biological 
samples (fish caught for consumption or sport) for studies on the age and growth (Speare, 2003; 
Brenden et al., 2006; Fairclough et al., 2014), physiology (Fritsches et al., 2000; Fritsches et 
al., 2003) or reproduction (Zischke et al., 2012). However, the sampling methods used by 
volunteer anglers to collect biological samples remains unchanged and restricted exclusively 
to lethal sampling (Heupel and Simpfendorfer, 2010). With an increasing number of fish 
species becoming tag-and-release or threatened, the need for developing non-lethal sampling 
techniques has been accentuated (Heupel and Simpfendorfer, 2010; Hammerschlag and 
Sulikowski, 2011). If correctly employed, the recruitment of organised and skilled anglers for 
research projects may potentially reduce conventional issues with quality control and 
participation rates, providing the opportunity for researchers to focus on developing non-lethal 
sampling techniques. 
In Australia, the involvement of recreational anglers as citizen scientists has a rich 
history, with game fishers from both the private and charter sectors participating in the tag-
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and-release of pelagic fishes to gather new biological information as part of the fishing 
experience (Ortiz et al., 2003). The New South Wales Game Fish Tagging Program 
(NSWGFTP), administered by New South Wales Department of Primary Industries 
(NSWDPI), has been collecting tag-and-release and recapture data on pelagic fishes 
continuously since 1973. This national program has been effective in collecting information on 
movement, growth and relative abundance of billfish, tunas, sharks and other large pelagic 
species within the Australian Fishing Zone and beyond (Kopf et al., 2011; Holmes et al., 2015). 
This program operates in conjunction with the Game Fishing Association of Australia (GFAA) 
which encompasses 80 clubs with membership of over 8,000 registered anglers participating 
in gamefish tagging throughout Australia. With the support of peak recreational fishing bodies, 
researchers can now access recreational anglers who have previous experience in citizen 
science research (i.e. tagging and tournament monitoring programs) for recruitment into new 
sampling initiatives (Pepperell, 2013). Recruiting skilled anglers not only increases the 
likelihood of participation, but also facilitates targeted research objectives, which can further 
enhance the range of meaningful scientific outcomes associated with the NSWGFTP. 
The black marlin Istiompax indica, is a key focus species of the NSWGFTP, especially 
since it’s declaration as a commercial ‘no-take’ species in Australian waters under the Fisheries 
Management Act 1991. The large size of I. indica not only adds to its recreational appeal, but 
enables it to range widely throughout tropical and sub-tropical waters of the Indian and Pacific 
Oceans (Domeier and Speare, 2012). However, while the black marlin is protected from 
commercial fishing within the Australian Exclusive Economic Zone, its commercial catches in 
international waters continue to increase, particularly in the Indian Ocean where levels of 
fishing mortality may be unsustainable (IOTC, 2014). In addition, because of the recreational-
only nature of this fishery within Australian waters, where over 90% of black marlin brought 
to the boat are tagged and released (Pepperell, 2013), the ability to access tissue samples from 
landed fish for population genetic analysis of I. indica has been limited. Given the difficulties 
in obtaining biological samples and the large network of skilled anglers operating under the 
NSWGFTP, the black marlin represents a model species for implementing citizen science 
research with the application of non-lethal tissue sampling, a technique that has previously 
been practiced exclusively by trained research scientists (Piraino and Taylor, 2013; Barnett et 
al., 2015). 
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The aim of this study was to assess whether volunteer recreational anglers can collect 
a sufficient number of tissue samples from I. indica for future population genetic research by: 
(1) implementing a novel angler participation program to collect fin clips using a non-lethal 
sampling technique; and (2) obtain sample sizes that are sufficient for delineating population 
structure in future genetic research. It is hoped that the program framework described here will 
be used as a template for citizen science sampling of other recreationally targeted fishes to 
promote non-lethal sampling in the future. 
Methods 
Program implementation 
From November 2012 the proposed I. indica sampling program was advertised in 
fishing magazines, local newspapers, social media, blogs, websites and direct communication 
workshops at game fishing tournaments in order to engage anglers from a range of 
demographic backgrounds. The most extensive communication strategy was achieved through 
placement of editorial content in a prominent game fishing magazine, Bluewater Boats and 
Sportfishing, with a bimonthly circulation of ~11,000 copies. In addition, social media 
platforms allowing real-time updates on the sampling program and preliminary results through 
newsletters, email lists and community fishing blogs were also utilised to engage anglers 
throughout Australia. The social media updates were directly linked to an external project 
webpage as well as other sites such as the GFAA webpage and fishing blogs where anglers 
could track the program’s progress. 
Anglers were recruited into the program by either contacting members of our project 
team after being engaged by the project advertising; being contacted by a member of our team 
regarding their interest in participating; or becoming involved through a pre-recruited member 
or club. Once recruited, angler details were entered into a database which was used to maintain 
a mailing list for the project newsletter, provide the postage details for distributing sampling 
kits, and record the number of fin clips collected by each angler. The e-newsletter, Black Marlin 
Bulletin, was used as a tool to maintain regular contact with participating anglers, which was 
distributed via email and social media outlets. The newsletter contained a short feature article 
that updated anglers on recent billfish research, and reported the number of samples collected 
by each angler, state and club. In addition, the newsletter had the purpose of recording entries 
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into a lucky chance draw. This competition was established to provide additional incentive for 
angler participation, whereby every fin clip provided gained an entry into the prize draws (two 
author-signed books on pelagic fish), which were drawn at the cessation of the sampling 
program.  
Angler sampling 
Anglers recruited to the sampling program were all provided with basic sampling kits 
constituting one vial of 20% DMSO solution (Seutin et al., 1991), a waterproof information 
card, zip-lock storage bags, a material safety data sheet outlining the hazards and handling 
techniques associated with the preservative solution, and a flyer describing the sampling 
methodology.  Non-lethal tissue collection was undertaken by removing a ~1cm2 section from 
the dorsal or pectoral fin using rigging shears or a conventional hole punch (Video S1 – See 
supplementary material). The sample acquisition tool was then cleaned with fresh water to 
ensure that no traces of blood or other material remained. Samples were placed in the 20% 
DMSO solution and forwarded to the senior researcher for processing. The collection of black 
marlin tissue samples for this study was approved by the University of Queensland animal 
ethics committee (AEC) for native and exotic wildlife and marine animals, Australia. To 
facilitate accurate reporting, biological details that anglers recorded for each sample were 
simplified to capture date and location and estimated mass (kg) of the fish. In the laboratory, 
identification of the species of every sample was independently undertaken using the 
microsatellite genotyping methods described in Williams et al. (2014). 
Data analysis 
An analysis of statistical power was undertaken using POWSIM to evaluate whether 
the number of samples collected per state were sufficient to detect genetic differentiation 
among populations (Ryman and Palm, 2006). The number of samples collected per state were 
simulated using previously generated pilot allele frequency data for black marlin across 18 loci 
by Williams et al. (2014). The sample sizes were evaluated as to their ability to detect 
significant differences (<0.05) across three levels of genetic differentiation (Fst = 0.01, 0.005 
and 0.0025) using Chi-square and Fisher’s probabilities (Krück et al., 2013). To investigate the 
relationship between sample size and number of participants a Pearsons correlation coefficient 
(r) was applied in a bivariate correlation using SAS/STAT® software (Institute Inc, 2008). 
 42 
 
Results 
Biological sampling 
Between December 2012 and November 2014, recreational anglers had provided 154 
tissue samples of marlin caught and released from 13 different locations (Figure 4.1). All 
samples were subsequently genetically identified as black marlin and no cross-contamination 
among samples was present. Within each region the total number of samples was generally 
dominated by a small group of anglers, as demonstrated through the absence of a linear 
correlation between the number of participants and the number of samples collected, per 
location (r = 0.37). The most fin clips were received from locations in Queensland (n = 84), 
with 79% off the east coast (Sunshine Coast, n = 37; Townsville, n = 21; Hervey Bay, n =8; 
Rainbow Beach, n = 1) and the remaining 21% from Weipa (n = 17) in the Gulf of Carpentaria 
(Table 4.1). In addition, 58 fin clips were received from Western Australia (Broome, n = 20; 
Dampier, n = 13; Exmouth, n = 25), 11 samples from New South Wales (Port Stephens, n = 9; 
Shell harbour, n = 1; Kiama, n = 1) and 1 sample was received from Papua New Guinea.  
 
 
 
 
 
 
 
 
 
Figure 4.1. Sampling locations for Istiompax indica tissue are detailed by state: PNG, Papua 
New Guinea; PS, Port Stephens; SH, Shell Harbour; KI, Kiama; WE, Weipa; TSV, Townsville; 
HB, Hervey Bay; RB, Rainbow Beach; SSC, Sunshine Coast; BR, Broome; DA, Dampier; EX, 
Exmouth.  
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Power analysis 
A power simulation was undertaken to investigate whether the sample sizes collected 
were sufficient to permit the identification of genetic differentiation (QLD = 84, WA = 58 and 
NSW = 11). The power analysis suggested that these sample sizes were sufficient to recognise 
population subdivision in 100% of runs at the highest level of genetic differentiation (Fst = 
0.01) for both the Chi-Squared and Fishers test. When the level of differentiation was decreased 
to 0.005 the sample sizes were still sufficient to detect differences in ~93% of runs across both 
tests (Chi-Square = 93.6, Fishers = 92.60). When the power analysis was conducted at an Fst 
of 0.0025, significant differentiation amongst population was only estimated in 57.4% and 
52.60% of runs by the Chi-Square and Fishers tests, respectively. 
Table 4.1. The number of participating anglers and black marlin tissue samples collected 
along with the estimated overall size range from each location. 
Location  Latitude (°S) State No. anglers Samples (n) Size range (kg) 
Papua New Guinea 7 Int. 1 1 20 
Port Stephens 32 NSW 3 9 11 - 50 
Shell harbour 34 NSW 1 1 55 
Kiama 34 NSW 1 1 78 
Weipa 12 QLD 8 17 8 - 20 
Townsville 19 QLD 6 21 8 - 25 
Hervey Bay 24 QLD 5 8 3 - 30 
Rainbow Beach 25 QLD 1 1 2.5 
Sunshine Coast 26 QLD 5 37 5 - 25 
Broome 17 WA 2 20 4 - 65 
Dampier 20 WA 9 13 20 - 50 
Exmouth 21 WA 9 25 9 - 80 
Discussion 
Though some previous contributions of recreational anglers have been able to facilitate 
research that has produced significant insights into the understanding of marine species 
(Zischke et al., 2012; Fairclough et al., 2014), the lack of targeted scientific objectives have 
largely restricted further application of this underutilised resource (Squire Jr and Nielsen, 1983; 
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Gartside et al., 1999; Gledhill et al., 2014). The non-lethal collection of fin clips from I. indica 
by recreational anglers demonstrated here represents an advancement in citizen science 
fisheries research. By accessing a group of participants pre-involved in citizen science activities 
(tagging, tournament monitoring), the project was able to gain high participation rates over a 
short timeframe. The success of this program can be demonstrated through the sample sizes 
collected in this study constituting a sufficient number to permit future statistically valid 
population genetic research on I. indica. The communication of regular feedback to anglers 
was, without doubt, instrumental in achieving these required samples and fundamental in 
maintaining high participation rates. The effective development and implementation of this 
program not only offered an opportunity for recreational fishing communities to become 
involved in scientific research, but takes a step forward in the collection of biological data 
through citizen science.  
It is not a coincidence that successful citizen science programs often mention feedback 
as a key means of maintaining interest in volunteering (Devictor et al., 2010; Rotman et al., 
2012), with much of the success of maintaining participation in this project able to be attributed 
to feedback provided via social media and e-newsletters. Providing regular feedback of 
information to the fishery was essential in consolidating the working relationship between 
fishers and project scientists. It also provided the opportunity for anglers to suggest ways of 
improving future non-lethal sampling protocols. An example of angler feedback was the 
suggestion that using biopsy needles to simultaneously tag and remove small tissue samples 
from fish with a tagging pole, similar to those methods used in Buckworth et al. (2012), may 
increase overall sample numbers. It was proposed that by employing this technique it would 
reduce safety concerns associated with handling of highly-energetic fish at the side of the boat, 
by placing a greater distance between an angler and the captured fish. 
A number of other elements also made this citizen science program particularly 
successful. Firstly, the black marlin is a prime tag-and-release species in Australia, with over 
58,000 fish having been tagged with conventional tags to date by recreational anglers, the 
highest for any species on the NSW Game Fish Tagging Program (Pepperell, 2013). This 
familiarity with the species negated any misidentification, with 100% of samples collected 
proving genetically to be black marlin. Secondly, the prior experience in citizen science 
activities by program participants also meant that the amount of angler education regarding 
species identification, data management, and fish handling skills was able to be minimised, 
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with focus able to be put on sampling methodology, preservation of the genetic material and 
returning samples to researchers.  
Limitations regarding the sampling program were also identified. One such limitation 
was the overall sample collection being largely dominated by a small group of enthusiastic 
anglers (r = 0.37). Although numbers of hours fished per sample were unquantified in this 
study, the contribution of samples to the program reflected the number of fishing trips by 
participating anglers. This was best demonstrated by recreational charter operators contributing 
considerably more samples than ‘sports’ focused recreational anglers fishing from their own 
vessels. The seasonal absence of fish in some regions due to unfavourable environmental 
conditions during the sampling period also presented a limitation to sample collection. This 
meant that despite angler participation and enthusiasm, no samples were able to be collected 
from some areas. In light of this, it should be noted that the distribution of sample collection 
outlined here only represents those regions and anglers that collected samples, not those who 
participated, but were unable to collect samples. These limitations highlight the necessity for 
careful planning and execution of future citizen science sampling programs, and that special 
consideration should be given to sampling design to minimise bias and supply sufficient sample 
sizes where necessary to achieve the targeted research objectives.   
The success of the tissue sampling program demonstrates that citizen science can be 
utilised for non-lethal sampling of recreationally-caught fish. Given that researchers have 
applied non-lethal sampling for studies on such factors as diet (Jardine et al., 2011), heavy 
metal contamination (Lake et al., 2006) and reproductive biology (Awruch et al., 2014), the 
success of this program promotes the possibility of citizen scientists assisting with the 
collection of biological samples for future research in the aforementioned fields. While the 
technique used herein was non-lethal and minimally-invasive, there may also be scope for 
future investigations to explore less invasive methods such as the collection of surface mucus 
as noted by Hoolihan et al. (2009). It is hoped that by defining the contribution of biological 
samples by recreational anglers as ‘citizen science’, it will also encourage future research 
projects to regonise similar contributions in the same way. The approach detailed in this paper 
recognises that citizen science can advance in non-technological forms through biological 
sampling techniques, providing further incentive for researchers to explore alternative non-
lethal sampling strategies to further the biological understanding of their study species.  
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Abstract 
The black marlin (Istiompax indica) is a highly migratory marine species, that 
experiences recreational and commercial fishing pressure throughout its Indo-Pacific 
distribution. The wide-ranging nature of I. indica has led to the assumption of ocean-wide 
stocks as the baseline for assessment and management. In this study, we resolve the stock 
structure of I. indica from throughout the Indo-Pacific using a combination of microsatellite 
markers and single nucleotide polymorphisms in double digested restriction-site associated 
DNA. We report the presence of temporally stable inter- and intra-oceanic genetic structure for 
I. indica. Differences in the power among genetic datasets in this study highlight the 
importance of sampling design and maintaining a suite of genetic methods. The stock structure 
identified herein provides an opportunity for implementing biologically meaningful 
assessments and management for I. indica throughout its range. The development of additional 
biological and ecological information will continue to reduce uncertainty around the status of 
billfish stocks and provide decision makers with tools to implement fishery-specific 
management controls. 
Introduction  
Assessment and management of highly migratory fish stocks present many challenges 
(Graves and McDowell, 2003). For tunas, billfishes and pelagic sharks it is regional fisheries 
management organisations (RFMO) that regulate catches under the United Nations Convention 
on the Law of the Sea (FAO, 2012). However, many highly migratory species move between 
ocean basins and cross multiple RFMO jurisdictional boundaries which results in a conflict of 
management at the level of jurisdictional versus the biological stocks (Maguire, 2006). Where 
exploitation has been assessed for stocks that straddle boundaries, nearly two-thirds are known 
to be depleted or overexploited, which underscores the importance of management at the 
biological stock level (Cullis-Suzuki and Pauly, 2010). The need to identify biologically 
relevant management units is of particular importance to billfishes, where almost half of the 
stocks globally are now considered overfished or experiencing overfishing and there is limited 
biological information (Pons et al., 2016). Therefore, to provide decision makers with the tools 
to effectively regulate over-exploitation of highly migratory fish stocks, additional biological 
and ecological information for many species is required to inform assessments and develop 
subsequent management arrangements (Collette et al., 2011b). 
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The use of appropriate methods and sampling design is essential to promote the 
identification of stock structure in species associated with complex migratory patterns or 
reproductive strategies (Cadrin et al., 2013). Recently, next generation sequencing (NGS) 
approaches have been used to identify population structure in a number of highly migratory 
species that were previously thought to be panmictic (Bekkevold et al., 2015; Grewe et al., 
2015). The increase in the number of genetic markers available through NGS has provided the 
power for detecting weak signals of population differentiation, such as in high gene-flow, 
highly migratory species (Allendorf et al., 2010). An assessment of yellowfin tuna (Thunnus 
albacares) stock structure in the Pacific Ocean is one such study that revealed the presence of 
multiple separate populations (southwestern, central and eastern) using a high number of 
nuclear single nucleotide polymorphisms (SNPs) (Grewe et al., 2015). Prior to the completion 
of this study the population structure using other contemporary markers (mitochondrial DNA, 
allozymes and microsatellite markers) was inconclusive (Grewe et al., 2015). Other benefits 
for using SNPs such the potential for investigating adaptive variability and the ease of 
interpretation and data sharing between groups have also been noted (Morin et al., 2004). 
Notwithstanding, there are also inherent trade-offs that come with the increased cost of using 
NGS technology. For example, for research facilities that do not have in-house genomic 
technology and bioinformatics capability, the higher cost of SNP technology can influence 
optimal sampling design due to forced reductions in the number of samples sequenced. The 
benefits of switching from contemporary markers to SNP datasets may also be less clear when 
species do not have reference genomes and have pre-characterised suites of contemporary 
markers (Morin et al., 2004). To provide a clearer understanding of the most effective options 
given the available resources, species and question of interest, there is a need for more 
comparative studies that can demonstrate the trade-offs (i.e., marker type, number of markers 
and number of samples) in practice (Morin et al., 2004). 
 The black marlin (Istiompax indica) is a highly migratory marine species, with 
a range that extends throughout tropical and subtropical waters of the Indo-Pacific (Nakamura, 
1985). Tagging of I. indica has revealed large scale movements across the Pacific Ocean, with 
animals tagged off the east coast of Australia moving as far as Central and South America 
(Ortiz et al., 2003; Williams et al., 2017a). Similar movements have also been documented 
throughout the Indian Ocean with I. indica tagged in Kenyan and Western Australian waters 
being recaptured off Sri Lanka (Pepperell, 2013). The presence of these large-scale movements 
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in combination with past genetics work had led to the assumption that I. indica comprises a 
single stock throughout its range (Graves and McDowell, 2003). For the purposes of 
management, RFMOs currently assume a single stock hypothesis for the greater Pacific and 
Indian Ocean basins (with panmixia within ocean basins) (Figure 5.1). However, recent genetic 
analysis of I. indica population structure identified genetic differences among samples 
collected in eastern Australia, Western Australia and Taiwan (Williams et al., 2015a). While 
the identification of genetic differences suggested that different populations of I. indica exist, 
information on the extent of these stocks, or if additional stocks exist in other parts of the range 
(i.e., central Pacific Ocean, eastern Pacific Ocean, northern Indian Ocean or western Indian 
Ocean) is lacking (Williams et al., 2015a). Without this important information it is not possible 
to accurately determine the stock structure of I. indica for effective fisheries management by 
RFMOs. Given the recent assessment of I. indica stocks as overfished in the Indian Ocean, a 
global genetic investigation would provide greater certainly to stock assessments and identify 
the spatial extent of stocks (IOTC, 2016b). Understanding the spatial extent of stocks will also 
assist RFMOs in establishing biologically meaningful management units and identifying 
whether different equatorial Pacific stocks (= straddling stocks) exist (Skillman, 1988; 
Williams et al., 2015a).  
Istiophorid billfishes have long been considered primarily as a recreational target and 
commercial bycatch species. While this may hold true in some parts of their range, such as 
Australia’s Exclusive Economic Zone (EEZ) where prohibitions exist on the sale or landing of 
I. indica and the blue marlin, Makaira nigricans, throughout most of the world’s oceans 
billfishes are subject to considerable commercial fishing pressure from artisanal and industrial 
fleets. For example, I. indica is targeted by commercial gillnet, harpoon and long-line fisheries 
in the Indian Ocean and South China Sea (Williams et al., 2015a; IOTC, 2016b). As noted, 
declines in the biomass of I. indica in the Indian Ocean due to increased commercial fishing 
pressure has led to the latest stock assessment for I. indica as being overfished and subject to 
overfishing (IOTC, 2016b). This assessment presumed a single pan-ocean stock for the Indian 
Ocean and identified the need for genetics research to determine the connectivity of the species 
throughout its distribution as a high priority (IOTC, 2016b). There is currently no stock 
assessment for any RFMO in the Pacific Ocean in relation to I. indica.  
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This study builds on the findings and addresses the knowledge gaps raised by Williams 
et al., (2015a) regarding the number and spatial extent of genetic stocks throughout the defined 
range of I. indica. Given this, the primary aim of this study was to the evaluate the genetic 
stock structure of I. indica throughout its known range in order to determine the most 
appropriate stock model for management. To do this we tested three different a-priori stock 
hypotheses: (A) the current two stock model, which assumes panmixia within the Pacific and 
Indian Ocean basins); (B) Williams et al., (2015a) three-stock model (i, Southwestern Pacific 
Ocean, ii, North-western Pacific and iii, Eastern Indian Ocean); and (C) the equatorial three-
stock model (single Indian Ocean stock and two different equatorial Pacific stocks) (Figure 
5.1). As part of the stock-model analysis we also tested alternative groupings based on the 
clustering of locations in multidimensional and Bayesian analyses. In addition, this study also 
expands the number of markers used in any genetic study of a istiophorid billfish by developing 
a panel of neutral and positive selected nuclear SNPs in order to evaluate both the utility of 
these makers in a istiophorid billfish and whether selective pressures exist on identified stocks.  
While investigating spatial population structure we took advantage of a four-decade 
long temporal dataset to investigate the level of genetic stability within populations through 
time. Despite the increasing use of SNP datasets in population genetic studies, this technology 
has not yet been applied previously to a species of istiophorid billfish. To provide a greater 
understanding on the trade-off between SNP markers and less costly contemporary markers, 
we compare the relative performance of genomic SNP datasets to a suite of microsatellite 
markers for detecting genetic differentiation in a high gene-flow species. 
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Figure 5.1. Maps illustrating the hypothesised stock models; A) two-stock model; B) 
equatorial three-stock model; C) Williams et al. (2015a) three-stock model. Known spawning 
areas are highlighted in brown (Domeier and Speare, 2012; Sun et al., 2015).  
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Materials and Methods 
Sample collection 
Tissue samples from I. indica were collected from 12 different locations from 
throughout the Indian and Pacific Oceans between 1985 and 2016 (Table 5.1). Muscle tissue 
or fin tissue was collected in collaboration with recreational anglers, fisheries observers or 
collaborating researchers. Non-lethal tissue samples (fin tissue) were collected in tag-and-
release recreational fisheries with the assistance of anglers operating in Kenya, South Africa, 
western and eastern Australia and Mozambique (Williams et al., 2015b). Collaborative 
researchers based in the remaining locations provided material from specimens landed in 
commercial or recreational fisheries. For all specimens, the capture location and date were 
recorded where possible. In total, 458 I. indica tissue samples were collected, before being 
preserved in either 90% ethanol or DMSO-salt solution (20% dimethyl sulphoxide in 5M NaCl 
solution), before storage at -20 oC for downstream genetic analysis.  
Temporal replicates from the region of known spawning areas off eastern Australia and 
Taiwan were obtained to quantify any changes in allele frequencies through time (Domeier and 
Speare, 2012; Sun et al., 2015). Each temporal replicate was collected approximately one 
decade apart with a decade, with each decade representing approximately 2.5 generations of 
change (Speare, 2003; Sun et al., 2015). For both sites temporal replicates spanned up to four-
decades (up to 10 generations). It was assumed that any absence of temporal variability would 
be representative of a long-term, stable population. Pairwise comparisons were also undertaken 
between temporal collections from SA and HAW to test the expectation of temporal stability 
across all sampling locations where sample coverage exceeded one generation. The inference 
of temporal stability meant that temporal replicates from sample locations would be pooled for 
population structure analysis (Table 5.1).  
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Table 5.1. Sampling details for the I. indica samples characterised in this study 
Microsatellite genotyping 
DNA from all 458 samples was extracted for microsatellite genotyping using DNeasy 
blood and tissue extraction kits following the manufacturer’s protocols (QIAGEN Inc., 
Valencia, CA). The samples were genotyped across 18 microsatellite loci, described by 
Williams et al. (2014) that were designed for I. indica and included genotype data from 
Williams et al., (2015) for downstream analysis. Genotypes were resolved on an Applied 
Biosystems 3130xl Genetic Analyser and analysed in Genemapper v 3.7 (Applied Biosystems). 
To assess whether microsatellite loci were within  Hardy-Weinberg equilibrium (HWE) or 
were associated with linkage disequilibrium (LD), each locus and sampling location 
combination was evaluated using GENEPOP 4.0 (Rousset, 2008). Loci were deemed 
unsuitable for estimating population structure and were discarded if they exhibited significant 
departures (after a Bonferroni correction) from HWE or LD in one or more locus-by-population 
Acronym Location n Latitude Longitude Sampling dates 
(month/year) 
E.Aus80' Eastern Australia 32 32 - 35oS 152 - 153oE 02/1985 
E.Aus90' Eastern Australia 26 32 - 35oS 152 - 153oE 01/1996 - 02/1997 
E.Aus00' Eastern Australia 60 32 - 35oS 152 - 153oE 02/2005 - 02/2010 
E.Aus10’ Eastern Australia 38 16 - 35oS 145 - 153oE 01/2012 - 01/2013 
South.Am South America 12 3oS - 6oN 77 - 99oW 
04/1995 & 01/2004  
- 02/2006 
Central.Am Central America 20 22oN - 8oN 78 - 110oW 
01/2001 - 06/2004 & 
 10/2007 - 12/214 
HAW Hawaii 9 14 - 29oS 147 - 168oW 03/2004 - 09/2012 
TWN90' Taiwan 30 22oN 121oE 10/1998 - 03/1999 
TWN10’ Taiwan 39 22oN 121oE 11/2013 
VTN Vietnam 19 12oN 109oE 08/2015 
GoC Gulf of Carpentaria 17 12oS 141oE 01/2012 - 09/2015 
W.Aus Western Australia 74 17 - 21oS 122 - 144oE 09/2013 - 06/2015 
SRI Sri Lanka 7 8 - 6oN 79 - 81oE 01/2016 - 09/2016 
KEN Kenya 28 3 - 4oS 39 - 40oE 01/2012 - 02/2016 
MOZ Mozambique 21 21oS 35oE 09/2015 - 11/2016 
SA South Africa 26 28oS 32oE 11/1998 & 11/2014 
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comparison. The remaining microsatellite loci were deemed suitable for downstream 
population analysis (microsatellite dataset = microsatellites). 
SNP genotyping 
Samples included for double digest restriction-site sequencing (DD-RAD) were based 
on their geographic representation and high molecular weight DNA content. DNA was 
extracted from 101 samples using the Salting-out method for DD-RAD sequencing (Sunnucks 
and Hales, 1996) and were genotyped to acquire SNPs using DArTseqTM technologies method 
as described by Grewe et al. (2015). DNA samples were processed in digestion/liga reactions, 
ligating two adaptors corresponding to the combination of PstI and SphI restriction enzymes 
overhangs. The PstI-compatible adapter includes the barcode. The PCR primers were designed 
to add the required sequences for enabling sequencing in a single-read Illumina flowcell, and 
an Illumina Hiseq2500 (Illumina) was used to sequence on average 3.5 million reads per 
sample.  
The resulting sequences generated were processed using proprietary DArT analytical 
pipelines to assess read quality, undertake read assembly and SNP calling. The marker 
extraction pipeline consisted of de novo variant-calling using DArTsoft v.14, a software 
package developed by DArT P/L. The pipeline first clustered DArT-tags with three or fewer 
base pair differences using DArT P/L’s C++ algorithm and parsed into separate SNP loci.  
Markers were then filtered-out if ratios of read counts for allelic pairs were 1:4 or higher. 
Additional selection criteria were added to the algorithm developed and validated via 
approximately 1,000 controlled-cross populations of diverse organisms analysed by DArT P/L. 
Filter thresholds for selection of barcode regions and whole reads were a minimum Phred pass 
score of 30 and 10, respectively, and a minimum pass percentage of 75% and 50%, 
respectively. These parameters provide most effective filtering step for potential paralogs as 
they select for markers with Mendelian pattern of behaviour. This process is similar to that 
used in published literature using DArTseq™ SNPs from animal genetic samples (e.g., Schultz 
et al., 2018). SNP calls were then confirmed in independent libraries and sequencing runs by 
checking for score consistency between technical replicates. SNP calls with a score 
reproducibility score lower than 97% were removed before further filtering.   
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SNP filtering 
The DArTseq™ data set comprised 75bp fragments that contained one or more SNPs 
that were filtered prior to downstream population analysis. Filtering of SNPs excluded loci 
that; 1) failed to genotype in greater that 95% of individuals (call rate), 2) contained overall 
minor allele frequency (MAF) less than 0.05, or 3) had a sequence coverage greater than 10 
reads or higher than 100 reads (Andrews et al., 2016). To reduce the potential for linkage 
disequilibrium (LD) between loci, if more than one SNP occurred on the same 75bp fragment, 
the SNP with the lowest average polymorphism content was removed. After the dataset had 
been filtered a further investigation for LD was undertaken using GENEPOP v4.0 software, 
where loci were removed if any pair was found to be significantly linked (p < 0.001) at more 
than one location. The GENEPOP v4.0 software was also used to test for departures from 
Hardy-Weinberg equilibrium (HWE). Loci were deemed to be unsuitable for population 
analysis and removed if they were found to be out of HWE in any location (p < 0.001). 
To identify outlier loci that could potentially be under selection, we used the FST outlier 
approach developed by (Beaumont and Nichols, 1996) using the LOSITAN software (Antao 
et al., 2008). An initial LOSITAN simulation was undertaken to identify outliers prior to 
computing the initial mean FST. A neutral mean FST was then enforced and the simulation was 
re-run for 1,000,000 repetitions to identify outlier loci based on the distributions of FST values. 
The loci were subset into two separate datasets for downstream analysis including 1) a positive 
dataset (positive-SNP) that contained loci identified as being potentially under positive 
selection based on a p-value threshold of 0.95 and false error rate of 0.1; and 2) a neutral dataset 
(neutral-SNP) that contained neutral markers which had p-values between 0.05 and 0.95 were 
selected.  
Statistical power 
To evaluate the statistical power required to detect genetic differentiation among 
populations, a power analysis was undertaken using POWSIM v4.1 (Ryman and Palm 2006). 
Empirical microsatellite allele frequency data from Williams et al. (2015) and SNPs data 
generated in this study were used to assess the ability to detect the presence of multiple 
populations at both low (FST 0.01) and high (FST 0.05) levels of genetic differentiation. The 
generations of genetic drift (t) was varied to assimilate the levels of genetic differentiation (FST) 
 57 
 
described. The effective population size (Ne) was maintained constant at 1500 across runs and 
all simulations were completed with 1000 replications. The sample size per subpopulation was 
varied in increments of 10 (from 10 to 50), and the proportion of significant results (p < 0.05) 
for Chi-squared tests were reported as a measure of statistical power for each sample size / FST 
combination.   
Population structure analysis 
To investigate whether differences were present in the microsatellite allele frequencies 
between temporal replicates from the same location using Arlequin v3.11 pairwise FST values 
were generated among temporal replicates (Excoffier et al., 2005). Temporal location 
replicates which were not significantly different from one another were pooled for downstream 
analysis.  
To determine the most appropriate stock structure model, an analysis of molecular 
variance (AMOVA) was performed on all three datasets (neutral-SNP, positive-SNP and 
microsatellites) in Arlequin v3.11 (Excoffier et al., 2005). The suitability of different stock 
models was examined based on the level of genetic differentiation among groupings using 
pairwise and global FST tests. The composition of different stock hypothesis models was 
informed using a priori information (Figure 5.1) and included 1) a two-stock model (panmixia 
within ocean basins); 2) an equatorial three-stock model (different equatorial Pacific stocks); 
3) a Williams et al. (2015a) three-stock model (separate north-western Pacific stock). 
Alternative groupings, inferred from downstream multidimensional analysis and Bayesian 
clustering, were also evaluated (see supplementary material S1 for grouping details). 
To test for the presence of population structure, we undertook a Bayesian clustering 
analysis in STRUCTURE for each of the three datasets (neutral-SNP, positive-SNP and 
microsatellites). For all datasets, we simulated 10 independent runs using an admixture model 
with correlated allele frequencies across values for K (number of clusters) ranging from 1 to 
10. For each run, the burn-in was set at 100,000 repetitions followed by a 500,000 MCMC 
repetitions. The microsatellites were analysed with the same model and sample locations were 
set as priors to assist with inferring clusters in the presence of weak population structure 
(Hubisz et al., 2009). To determine the number of clusters which best fit the data, the ∆K 
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method was used (Evanno et al., 2005) implemented in CLUMPAK, based on 10 independent 
runs for each K Value.  
In addition to STUCTURE analysis, genetic structure was investigated using an 
individual-based Discriminant Analysis of Principle Components (DAPC) to further 
investigate partitioning using the SNP dataset. DAPC analysis was conducted on the SNP 
datasets (neutral-SNP and positive-SNP) using the R package ADEGENET (Jombart et al., 
2010; Jombart and Ahmed, 2011) with group membership defined by locality. Bayesian 
Information Criterion (BIC) scores were used to assess the optimal number of genetic clusters 
across a range of K values. We selected the models with the lowest BIC to identify the optimal 
number of K for use in DAPC plots and investigated DAPC clustering based on ∆K inferred 
using STRUCTURE. 
Results 
SNP filtering 
The DArTsoft14 pipeline resulted in a total of 7980 SNPs, which were evaluated using 
the downstream filtering criteria. 1562 after excluding those based on call rate, MAF, SNP 
occurred on the same fragment or read coverage  Significant departures from HWE were found 
in four loci and one locus pair was found to be significant for LD, reducing the data set to 1557 
loci. Among the loci that passed quality control, a total of 130 SNPs were identified as outlier 
loci (positive-SNP dataset) and 1427 neutral loci (neutral-SNP dataset). 
Microsatellite evaluation  
Locus ISIN26 was examined and found to have greater than 5% missing data across all 
samples and was subsequently removed from further analysis. All microsatellite loci were 
found to be non-significant for HWE and the presence of LD was not detected between any 
pair of loci using Genepop.  
The analysis of temporal variability among replicates from the same location revealed 
non-significant FST values that approached zero in all cases. As a result of no temporal change 
among replicates from the east coast of Australia (East80’, East90’, East00’ and East10’) the 
samples were combined into a single E.Aus sample for further analysis. Similarly, temporal 
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replicates from Taiwan (TWN90’ and TWN10’) were not found to differ significantly and were 
pooled (TWN) for downstream analysis. Assessment of temporal variability within SA and 
HAW sample collections also showed no significant temporal variation. The inferred temporal 
stability at these locations suggests that differing collection dates among other locations are 
unlikely to represent a driver of potential population structure.  
Statistical power 
Results of the genetic power simulations based on neutral SNP allele frequency data 
generated in this study, and microsatellite allele frequency data from Williams et al. (2015), 
indicate that the statistical power of both markers was high. When analyses incorporated an 
assumption of a higher FST value of 0.05, the SNP and microsatellite marker datasets detected 
significant genetic differences (p < 0.05) among populations in 100% of simulations, even 
when sample sizes were low (n = 10). The SNP dataset demonstrated an acceptable level of 
statistical power (≥ 95% probability of detection) across all sample sizes (10 to 50) when a low 
FST of 0.01 was assumed. In contrast the microsatellite markers demonstrated a moderate but 
acceptable level of statistical power (< 95%) when a low FST of 0.01 was assumed and samples 
sizes were less that n = 20 (92%) or less (Table 5.2).   
Table 5.2. Results from power analyses based on empirical allele frequency data. Genetic 
differentiation between simulated populations at a high level (FST 0.05) and a low level (FST 
0.01) across a range of sample sizes (10 – 50) for both the neutral SNP and Microsatellite 
datasets. 
  SNPs Microsatellite loci 
Sample Size FST 0.01 FST 0.05 FST 0.01 FST 0.05 
10 1 1 0.408 1 
20 1 1 0.917 1 
30 1 1 0.994 1 
40 1 1 1 1 
50 1 1 1 1 
 60 
 
Genetic Population Structure  
 Bayesian cluster analysis was undertaken to identify samples and locations that shared 
similar pattern of variation as well as to identify alternative stock hypotheses for downstream 
model testing if present. Analysis of the microsatellite dataset using STUCTURE showed clear 
evidence of genetic differentiation between the South Pacific, north-western Pacific and Indian 
Ocean which was reflected by ∆K = 3 as the best fit (see Supplementary Figure S2). The genetic 
clustering separated locations into the following geographically representative groups; north-
western Pacific Ocean (TWN, VTN), south Pacific Ocean (E.Aus, South.Amer) and Indian 
Ocean (MOZ, SA, W.Aus, GoC, KEN) (see Table 1). This clustering was consistent with the 
Williams et al. (2015a) three-stock model, with the exception of samples from HAW and 
Cen.Amer which showed mixed assignment between the north-western Pacific and south 
Pacific. The membership of samples from Sri Lanka was also observed to differ from all other 
Indian Ocean Samples (Figure 5.2A).  
Figure 5.2: Structure plot from microsatellite loci; A) groupings when K = 3; B) 
groupings when K = 4. Abbreviation are as follows; Eastern Australia, E.Aus;  South 
America, South.Am; Central America, Central.Am; Hawaii, HAW; Vietnam, VTN; Taiwan, 
TWN; Gulf of Carpentaria, GoC; Western Australia, West.Aus; Sri Lanka, SRI; Kenya, 
KEN; Mozambique, MOZ; South Africa, SA. 
STRUCTURE analysis using SNP datasets revealed similar patterns of variation to that 
of the microsatellites markers. STRUCTUR runs using the positive and neutral SNP both 
identified ∆K = 2 as the most likely number of clusters. STUCTURE plots for both SNP dataset 
separated the south Pacific Ocean (East.Aus and South.Am) from the remaining locations 
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(north-western Pacific, eastern Indian Ocean & western Indian Ocean), with the exception of 
samples from Central.Am samples which were split between the two clusters (Figure 5.3). 
When observing the membership of samples based on K=3 (as inferred by the microsatellites), 
the same geographically pertinent partitioning was observed using the microsatellites as 
observed using the positive-SNP (Figure 5.3b). The positive-SNP K=3 output clearly clustered 
the sampling locations into the following groups; Indian Ocean (West.Aus, GoC, KEN), north-
western Pacific Ocean (TWN, VTN) and south Pacific Ocean (East.Aus, South.Am and 
Central.Am).  
Figure 5.3. Structure plots for A) neutral-SNP K=2; B) neutral-SNP K = 3; C) 
positive-SNP K=2 & D) positive-SNP K=3. Abbreviation are as follows; Eastern Australia, 
E.Aus; Hawaii, HAW; Central America, Central.Am; Vietnam, VTN; Taiwan, TWN; Gulf of 
Carpentaria, GoC; Western Australia, West.Aus; SA, South Africa. 
The DAPC analysis revealed similar patterns of genetic subdivision to the STUCTURE 
outputs. The BIC values revealed K=2 as the most likely number of clusters for both SNP 
datasets. Clustering of samples by location resulted in one cluster containing samples from the 
south Pacific Ocean (East.Aus, HAW and Central.Am) and a second group containing samples 
from the north-western Pacific Ocean and Indian Ocean (TWN, VTN, WA, KEN, GoC) (Table 
S1). The clustering of samples into two stocks (G1: south Pacific Ocean & G2: north-western 
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Pacific Ocean and Indian Ocean) was identified as an a posteriori grouping for downstream 
stock model testing.   
Figure 5.4. Discriminate analysis of principal components plot showing the clustering 
based on K=3 for the positive-SNP data. Abbreviation are as follows; E. Aus, eastern 
Australia; C.Am, Central America; HAW, Hawaii; TWN,  Taiwan; VTN, Vietnam; GoC,  
Gulf of Carpentaria; WA, Western Australia; KEN, Kenya. Inertia ellipses for each 
population represents 95% of variability for grouping of points around the centroid. 
Analysis of samples when assuming three clusters resulted in varying outputs between 
the positive and neutral-SNP. Using the positive-SNPs, locations were assigned to the 
following geographically representative clusters; Pacific Ocean samples (East.Aus, HAW), 
north-western Pacific (TWN and VTN) and Indian Ocean (WA, KEN and GoC). While the 
samples from most locations formed well-defined groups, samples from the Central.Am were 
found to have shared membership split between the Indian Ocean and Pacific Ocean cluster 
(Figure 5.4). In comparison, analysis using the neutral-SNPs was only able to distinctly 
separate samples from south Pacific locations with the remaining locations. 
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Stock model testing 
To determine genetic partitioning among different stock structure models, AMOVAs 
were performed using each of the three datasets. The AMOVA stock model analysis revealed 
that most of the genetic variability (>88%) for all models was retained within individuals. A 
comparison of genetic variability among groups (Fct) for all a priori stock models revealed 
that the Williams et al. (2015a) three-stock model (north-western Pacific Ocean, south Pacific 
Ocean and Indian Ocean) to be the only model with significant genetic structure (p < 0.001) 
across all three datasets (microsatellites, positive-SNP and neutral-SNP; see supplementary 
material S1). The AMOVA analysis for the two-stock model (panmixia within ocean basins) 
or equatorial three-stock model (equatorial Pacific model) showed both models to be 
significant among groups using the microsatellite dataset, but not when using the positive or 
neutral SNP datasets. When comparing the percentage of variation among groups the three-
stock model (Williams et al., 2015a) accounted for greater variability (0.52%), than the two-
stock (0.33%) or equatorial three-stock (equatorial Pacific) models (0.49%) (Table 5.3).  
AMOVA analyses were also carried out to investigate the genetic variability among a-
posteriori groupings inferred by Bayesian cluster analysis. This Bayesian K model assumed 
two stocks where; Stock 1 = north-western Pacific Ocean & Indian Ocean: Stock 2 = south 
Pacific locations. Results of an AMOVA for the two-stock Bayesian K model were significant 
among groups (p < 0.001) when using the microsatellites, but not other datasets (Table 5.3). 
The percentage of variation among groups for the two-stock Bayesian K model (0.31%) was 
lower than that observed in the a priori groupings (Table 5.3).  
To compare the level of genetic variability between datasets a comparison of the Fct 
values was also undertaken. The positive-SNP dataset was found to be an order of magnitude 
greater (0.052) than the Fct values observed for the microsatellite (0.0052) and neutral-SNP 
(0.0052) datasets. However, when comparing the ability for a dataset to detect differences in 
stock model groupings, the microsatellite dataset appeared to have greater power, with 
significant differences (p < 0.001) detected for all stock model groupings. In contrast, the 
positive and neutral SNP datasets were only significant when assuming a Williams et al., 
(2015a) three-stock model.  
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To further investigate whether the increased sample size of the microsatellite dataset (n 
= 458) was driving the increased statistical power, a AMOVA was undertaken using the same 
subset of samples (n = 101) as included in the SNP datasets. Unlike using the full microsatellite 
dataset, results of the AMOVA using a reduced sample size (n = 101) microsatellite dataset 
was unable to detect significant differences among groupings assuming a Williams et al. 
(2015a) model, suggesting that the decreased sample size was likely to be affecting the 
detection of population structure.    
Table 5.2. AMOVA results on the variability among groupings for all stock models using the 
microsatellites, neutral-SNP and positive-SNP datasets.  
Note: NS = Non-significant FCT, p > 0.001 
Discussion 
By utilising a range of nuclear markers, we provide new insights into the genetic stock 
structure for a species of billfish, I. indica, across its known geographic range. Our findings 
show clear evidence of distinct genetic structure between and within ocean basins. We 
identified the presence of strong genetic structure between I. indica samples from the Indian 
Ocean, south Pacific Ocean and north-western Pacific Ocean. The outcomes of this work 
provide baseline for developing biologically informative management units and stock 
assessments for I. indica throughout its entire range.  
The finding of low levels of genetic subdivision both within and between ocean basins 
for I. indica is consistent with genetic structuring of other highly migratory species, such as 
albacore tuna (Thunnus alalonga) and Swordfish (Xiphias gladius) (Waples 1998, Laconcha et 
al., 2015, Lu et al., 2016). Similar patterns of genetic structure were observed among SNP’s 
and microsatellite datasets which overall supported the presence of three populations. 
Interrogation of sample sizes suggested that the presence of differing levels genetic structure 
Stock models 
(see Table S1 for more details) 
FCT values for significant comparisons among groups 
Microsatellites Neutral SNPs Positive SNPs 
Williams et al. (2015a) Three-stock model  0.00521 0.00528 0.05213 
Two-stock (by ocean basin) model  0.00308 NS NS 
Equatorial Three-stock model  0.00486 NS NS 
Two-stock (Bayesian K) model  0.00443 NS NS 
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among SNP and microsatellite datasets were likely to be the result of varying sample size and 
marker numbers. Despite some differences in the statistical power in this study, the comparable 
utility of the datasets to resolve genetic structure provides an important consideration for 
‘sample design’ in the current era of genomic data (Ovenden et al., 2015, Bernatchez et al., 
2017). While the use of genomic approaches has important benefits, such as investigating 
adaptive characters for species with reference genomes, our results suggest that these more 
expensive techniques may not be always be required to address population genetic questions 
in species with readily available nuclear markers (Morin et al., 2004). This study provides a 
greater understanding of the relative performance of different nuclear markers for detecting 
genetic differentiation in a high gene-flow species.  
The existence of two genetic stocks for I. indica in the Pacific Ocean is supported by 
tagging data, reproductive dynamics and genetics results (Ortiz et al., 2003; Williams et al., 
2015a). Using microsatellite markers Williams et al. (2015a) identified the presence of three 
distinct populations of I. indica in the central Indo-Pacific consisting of the southwestern 
Pacific Ocean, South China Sea and eastern Indian Ocean, which was further confirmed in the 
present study. The documentation of known spawning grounds of I. indica in the southwestern 
Pacific Ocean and South China Sea supports the concept of separate Pacific Ocean stocks 
(Domeier and Speare, 2012; Sun et al., 2015). Our results expand on this work, identifying the 
presence of a south Pacific stock that extends into the central and north-eastern Pacific Ocean 
(Figure 5.5). The large spatial area of this stock is consistent with movements of tagged I. 
indica off the east coast of Australia that has shown trans-equatorial and trans-oceanic 
movement into the central Pacific (Micronesia and Hawaii), north-eastern Pacific (Mexico and 
Costa Rica) and south Pacific (Easter Island, Chile) (Ortiz et al., 2003; Williams et al., 2017a). 
Based on these documented large-scale movements and absence of juveniles in the eastern 
Pacific, we hypothesise that at least a proportion of adult I. indica are moving across the Pacific 
to feed in the productive waters of the eastern and central Pacific. As I. indica migrations across 
the Pacific Ocean take in excess of six months (Williams et al., 2017a), it is also possible that 
not all mature individuals return every year to spawn off the Great Barrier Reef (Domeier and 
Speare, 2012).  
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Figure 5.5. Map of the indicative stock boundaries based on evidence from the current study 
and tagging data. Each stock is colour coded as follows; Indian Ocean (grey); south Pacific 
(beige) and north-western Pacific (yellow). Defined spawning areas are highlighted in brown 
and dashed lines indicated approximate limits of I. indica’s known range.  
Our genetic analysis also provides additional insights into the spatial extent of the South 
China Sea stock. In all analyses, I. indica sampled in Vietnam clustered with those collected 
from Taiwan. The presence of a broader north-western Pacific stock encompassing fish from 
the South China Sea as well as Vietnam is supported by the discovery of I. indica spawning 
grounds off Hainan Island (South China Sea) (Sun et al., 2015). Evidence of gravid females 
and the presence of young-of-the-year (<10 kg) in the waters surrounding the island of Ko 
Samui indicate that this population is likely to extend into the Gulf of Thailand (Takahashi et 
al., 1983). Assignment of several samples collected in the central and north-eastern Pacific to 
the north-western Pacific stock was also observed. While the possibility of fish moving from 
the north-western Pacific into the central or north-eastern Pacific was identified by the 
clustering of samples in STUCTURE analysis, tagging of I. indica in Taiwanese waters has 
shown movements restricted to west of the Philippine Sea, and year-long tracks indicate 
behaviour consistent with reproductive philopatry (Chiang et al., 2015).  
If fish from the north-western Pacific are moving into the central or north-eastern 
Pacific, our results suggest that some level of spatial overlap would be occurring with fish from 
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the south Pacific stock. Given the pronounced genetic differences between I. indica stocks 
within the Pacific Ocean and inferences of natal philopatry, it can be inferred that spatial 
overlap of stocks is not likely to be resulting in reproductive admixture (Figure 5.4), but rather 
occupancy of the same feeding grounds (Williams et al., 2014). Similar patterns of spatial 
overlap have been observed in Atlantic bluefin tuna, Thunnus thynnus, where fish from the 
eastern and western Atlantic Ocean move into the central-north Atlantic where they mix whilst 
feeding (Rooker et al., 2014; Puncher et al. 2018). Reproductive philopatry then results in T. 
thynnus from each stock migrating back to their natal grounds in the Mediterranean Sea or Gulf 
of Mexico where spawning occurs, thus maintaining genetic isolation of the stocks (Carlsson 
et al., 2007; Rooker et al., 2014). Additional tagging of I. indica in the north-western and north-
eastern Pacific would provide further clarity as to whether similar spatial overlap is occurring 
in the central or north-eastern Pacific. 
Our results also provide the first inference of stock structure for an istiophorid billfish 
in the Indian Ocean. The presence of a single genetic stock of I. indica in the Indian Ocean was 
consistently identified among all datasets. The existence of a single panmictic population in 
the Indian Ocean is supported by trans-equatorial and trans-oceanic movements observed by 
tagged animals (Pepperell, 2013). Long distance migrations and mixing of fish from throughout 
the western Indian Ocean has been observed for some satellite tagged I. indica. Pop-up Satellite 
Archival Tags (PSATs) deployed on I. indica off the Seychelles and Kenya have moved north 
as far as the Gulf of Oman, while fish tagged off Kenya and South Africa have been tracked 
moving into waters in southern Mozambique (Romanov, 2016). In addition, large-scale 
movements have been indicated by fish conventionally tagged off Western Australia and 
Kenya, that were subsequently recaptured off southeast coast of India and Sri Lanka (Pepperell, 
2013). While it was noted that the Sri Lankan samples included in this study formed a slightly 
different Bayesian membership to other Indian Ocean samples, the occurrence of recaptures in 
Sri Lankan waters suggests connectivity with other areas.  
The four decades of samples which were analysed account for approximately 10 
generations of change (Domeier and Speare, 2012; Sun et al., 2015). The absence of temporal 
changes in allele frequencies among collection locations provides support that the genetic 
population structure identified herein is a long-term, stable feature throughout the geographic 
range of I. indica. Given the rapid rise in ocean temperatures and changes to major 
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oceanographic features during the latter part of the 20th century, this finding provides unique 
insight into the stability of population structure in the presence of environmental change 
(Poloczanska et al., 2016; Schmidtko et al., 2017). The effects of ocean warming on the 
distribution and abundance of marine species have been well documented (Bates et al., 2014; 
Frusher et al., 2014). Recent investigations have revealed that changing oceanographic 
conditions have led to a rapid (88 km decade-1) poleward shift of preferred I. indica habitat in 
the southwestern Pacific Ocean (Hill et al., 2016). In addition, analysis of PSAT tagging data 
indicated that environmental change could have further influences on the migration phenology, 
spawning, vertical distribution and survival rate of larvae, as well as susceptibility of I. indica 
to fishing gear (Williams et al., 2017a). Our identification of genetically stable populations 
suggests that while environmental change may be influencing suitable habitat, it may yet cause 
changes to migratory patterns or reproductive strategies. However, the positive-SNPs and 
microsatellite loci used herein provide the unique opportunity for future genetic monitoring, to 
assess whether on-going environmental change results in long-term changes to the migratory 
phenology of I. indica (Schwartz et al., 2007; Ovenden et al., 2015).  
Implications for management 
Recent recognition that billfish are more heavily exploited than tuna stocks globally has 
highlighted the need for appropriate management of billfish stocks (Pons et al., 2016). While 
no stock assessments exist for I. indica in the Pacific Ocean, the prohibition of landings in 
Australia’s Exclusive Economic Zone relieves commercial fishing pressure from adults during 
spawning periods and juvenile-recruits in the South Pacific stock (Domeier and Speare, 2012). 
In contrast, aggregations of adult I. indica from the South China Sea and East China Sea are 
targeted by longline, gillnet and harpoon fisheries, while an extensive array of coastal driftnets 
along the coast of Vietnam and into the Gulf of Thailand extracts recruits from the population. 
This commercial take of both adults and juveniles in the South China Sea, suggests the need 
for a stock assessment in the north-western Pacific Ocean to quantify the level of exploitation 
(IOTC, 2016b).  
The identification of a single Indian Ocean stock supports the current panmixia stock 
assumption used by the IOTC assessment (IOTC, 2016b). Under the current stock assessment, 
the spawning stock biomass of I. indica in the Indian Ocean is less than 20% of unfished 
biomass and catches remain above maximum sustainable yield (IOTC, 2016b). The targeting 
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of juveniles by coastal gillnets and adults by distant water longlining fleets means that the 
Indian Ocean stock may be subject to both growth and recruitment overfishing (Sharma et al., 
2017). With important biological parameters including age, growth, reproduction and 
identification of spawning grounds yet to be defined, there remains considerable uncertainty 
over the true status of the Indian Ocean stock (IOTC, 2016b). Given the importance of 
istiophorid billfish as a primary food source for artisanal communities; a valuable export 
commodity among developing nations fishing the Indian Ocean and; as high-value sport fishing 
industry, the collection of key biological data and investigations to uncover spawning grounds 
should be made a priority (Sharma et al., 2017). Observations from larval surveys, gravid 
females and the regular occurrence of juvenile fish (<5 kg) suggests that Indian Ocean 
spawning grounds are likely to be located off Bazaruto Island (Mozambique) and the coast of 
Sumatra, however, histological or larval investigations are still needed for confirmation 
(Williams et al., 2015a). If such spawning grounds are able to be identified in the Indian Ocean, 
the use of seasonal closures could be implemented to relieve commercial pressures on the 
breeding population while they aggregate to spawn (Kaplan et al., 2014). Such an input control 
would provide a level of security to guard against stock collapse until adequate output controls 
and enforcement can be established to manage catches at sustainable levels (Pons et al., 2016).  
Conclusions 
Resolving the genetic structure of the I. indica provides a basis for implementing 
assessments and management of the species throughout its range. Our finding of different stock 
structure between ocean basins and within the Pacific highlights the risks in assuming 
panmictic stock structure of migratory species in the absence of data. Obtaining adequate 
biological information will reduce the uncertainty around unregulated fish stocks, and provide 
decision makers with capacity to drive the enforcement of other fishery-specific management 
controls. 
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Abstract 
The black marlin (Istiompax indica), is a highly migratory billfish that occupies waters 
throughout the tropical and sub-tropical Indo-Pacific. To characterise the vertical habitat use 
of I. indica, we examined the temperature-depth profiles collected using 102 pop-up satellite 
archival tags (PSATs) deployed off the east coast of Australia. Modelling of environmental 
variables revealed location, sea surface height deviation, mixed layer depth, and dissolved 
oxygen to all be significant predictors of vertical habitat use. Distinct differences in diel 
movements were observed between the size classes, with larger size classes of marlin (>50 kg) 
undertaking predictable bounce diving activity during day light hours, while diving behaviour 
of the smallest size class occurred randomly during both day and night. Overall, larger size 
classes of I. indica were found to utilise an increased thermal range and spend more time in 
waters below 150 m, than fish of smaller size classes. The differences in the diving behaviour 
among size classes were suggested to reflect ontogenetic differences in foraging behaviour or 
physiology. The findings of this study demonstrate, for the first-time, ontogenetic differences 
in vertical habitat in a species of billfish, and further the understanding of pelagic fish 
ecophysiology in the presence of global environmental change.   
Background 
Billfishes of the family Istiophoridae (marlins, sailfish and spearfishes) include some 
of the largest and most highly migratory species on earth. However, despite their ability to 
transverse ocean basins, billfish movements are restricted by their physiological tolerance to 
certain environmental conditions (Goodyear et al., 2008). Satellite tagging has provided 
important insights into the influence of environmental factors on the vertical habitat use by 
billfish. A recent review of their diving behaviour identified four physical drivers of ecology: 
temperature, light, oxygen, and complex water mixing (e.g. fronts and eddies) (Braun et al., 
2015). These physical drivers have been shown to effect billfish physiology, whereby optimal 
conditions are thought to encourage the expansion of vertical habitat use (Lam et al., 2015). 
Therefore, to understand how changes in global climate patterns may influence the distribution 
or abundance of these large pelagic predators, it is important that vertical habitat use and 
environmental drivers of movement are better understood.  
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The effect of dissolved oxygen (DO) on diving behaviour has been extensively studied 
in some billfish species. Comparative investigations of sailfish (Istiophorus platypterus) and 
blue marlin (Makaira nigricans) vertical habitat use between the oxygen rich waters of the 
Atlantic, and oxygen depleted waters of the tropical Eastern Pacific, show that extent of water 
column utilisation is limited at depths where DO levels are below 3.5 mL O2 L
-1 (Brill et al., 
1993; Prince et al., 2010). The availability of light and conditions influencing water mixing 
have also been associated with billfish vertical distribution. As billfish are visual predators, the 
degree of light penetration through the water column influences their vertical distribution, and 
they ability to forage in deeper waters during the day (Fritsches et al., 2003). Diel diving 
behaviour has been noted for many istiophorid billfishes including striped marlin (Kajikia 
audax) in the southwestern Pacific, where tagged fish spent daylight hours foraging in deeper 
waters, before returning to surface waters at night (Sippel et al., 2011; Braun et al., 2015; Lam 
et al., 2015). Complex water mixing such as eddies or fronts have been shown to play an 
important role in the foraging behaviour of pelagic predators. The formation of eddies as a 
driver in the aggregation of prey has been identified as a factor influencing vertical habitat use 
in opah (Lampris guttatus) (Polovina et al., 2008). Complex water mixing has also been 
associated with shifts in species distribution and CPUE increases for billfishes (Teo and Block, 
2010; Hill et al., 2016), however the influence water mixing has on depth utilisation has yet to 
be investigated.  
The distribution of temperature at depth is another physical factor commonly associated 
with billfish vertical habitat use because temperature has been shown to affect the cardiac 
function of marine teleosts (Crawshaw, 1977). Decreases in ambient water temperature reduce 
metabolic rate, contractibility of cardiac muscle, cardiac output, and core body temperature in 
marine teleosts (Kalinin et al., 2009). Billfish are often restricted in the amount of time they 
can spend in cold deep water presumably due to the physiological costs of operating in cooler 
waters, often outside a species’ optimal thermal window (Brill et al., 1993; Goodyear et al., 
2008). Comparison of vertical habitat use among various species of billfish has led to the 
suggestion that larger bodied individuals make greater use of their increased thermal inertia 
than smaller bodied ones, by diving deeper (Hoolihan et al., 2011; Braun et al., 2015). This 
theory derives from the observation that the larger bodied M. nigricans and K. audax 
(Goodyear et al., 2008; Sippel et al., 2011), have been found to dive deeper than the smaller 
bodied, I. platypterus and white marlin (Kajikia albida) (Horodysky et al., 2007; Hoolihan et 
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al., 2011). Despite the suggestion that a species’ body mass limits the amount of time spent 
outside of its optimal thermal range and subsequent vertical habitat use (Goodyear et al., 2008; 
Hoolihan et al., 2011; Braun et al., 2015), there have been no quantitative analysis of such a 
relationship in any billfish species. In addition, the suggestion of body mass influencing depth 
utilisation also does not consider the large ecological differences between billfish species or 
actual mass of individuals tagged in studies (Hoolihan et al., 2011; Braun et al., 2015). Despite 
the black marlin (Istiompax indica) being one of the largest billfishes, tagging of I. indica have 
shown the deepest dives to be less than 250 m (minimum ambient temperate of 14.5 oC) 
(Pepperell and Davis, 1999; Gunn et al., 2003; Chiang et al., 2015), which are equivalent to 
the maximum depths reported for I. platypterus (8.7 oC) and K. albida (12 oC) which maintain 
a much smaller average mass (Horodysky et al., 2007; Hoolihan et al., 2011). In addition, I. 
indica have been observed to primarily occupy the upper 50 – 100 m of the water column and 
no indications of diel diving behaviour have been reported (Pepperell and Davis, 1999; Gunn 
et al., 2003; Chiang et al., 2015). To effectively evaluate the relationship between body mass 
and vertical habitat use, an intraspecific comparison is required to reduce the potentially large 
effect of variation due to differing species’ ecologies. 
I. indica is a highly migratory Istiophorid billfish that occupies waters throughout the 
tropical and sub-tropical Indo-Pacific (Nakamura, 1975). To understand movements of I. 
indica, a number of broad-scale tagging programs have tracked the movement of fish 
throughout their range (Ortiz et al., 2003; Domeier and Speare, 2012). Tagging data have 
revealed that horizontal movement patterns vary across life stages, with the movement of 
juveniles and sub-adults being presumably motivated by prey availability, while the 
movements of adult are also influenced by reproductive philopatry (Pepperell, 1990; Domeier 
and Speare, 2012). Horizontal movements have been assessed in conjunction with physical 
factors to determine sea surface habitat preferences in I. indica. Deployment of pop-up satellite 
archival tags (PSATs) on I. indica off the east coast of Australia revealed an affinity for waters 
with a Sea Surface Temperature (SST) between 26oC and 27oC (Domeier and Speare, 2012). 
Using spatial positions derived from conventional tagging data in a species distribution model, 
the occurrence of juvenile I. indica has been strongly correlated with Sea Surface Height 
anomaly (SSHa) and Chlorophyll-a concentrations (Chl-a) (Hill et al., 2016). While 
considerable efforts have been made towards understanding the horizontal movements of I. 
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indica in surface waters, the paucity of information regarding vertical habitat use represents a 
knowledge gap (Braun et al., 2015). 
I. indica is one of the most extensively tagged billfish species, yet, there is little known 
about how they use the water column and the influence of physical factors on their diving 
behaviour. In this study, we investigate 1) the variation of vertical habitat use among differing 
size classes of I. indica; and 2) explore physical factors to better understand how they influence 
the depth utilisation of I. indica.  
Methods 
Satellite tagging 
A total of 102 PSATs were deployed on I. indica off the east coast of Australia 
(Queensland and New South Wales) in consecutive years from 2002 to 2014 as part of two 
separate tagging programs. All tagged fish were captured using trolled baits in a rod-and-reel 
fishery with the assistance of recreational anglers, with 41 of the tags part of the Great Marlin 
Race (GMR) (https://igmr.igfa.org/Conserve/IGMR.aspx) and the remaining 61 tags being 
deployed by Domeier and Speare (2012). Tag attachment methods have been previously 
described by Domeier and Speare (2012) and GMR tagging protocols by Carlisle et al. (2017). 
The PSATs deployed were manufactured either by Wildlife Computers (WC; Redmond, WA), 
models PAT0, PAT1, PAT2, PAT3, PAT5, PAT6, MK-10 and MiniPATs, or by recovered 
Microwave Telemetry (MT; Columbia, MD) model PTT-100 tags. Tags were programmed to 
record pressure (depth), temperature and light at 20 s or 60 s intervals. Tags were programmed 
to release from fish after 120 days (n = 14), 180 days (n = 86) or 270 days (n = 2) in order to 
capture both broad-scale and high-resolution data. Archival data containing depth, temperature 
and geolocation (based on light levels) were received through the Argos satellite system 
(Service Argos, Toulouse, France). High-resolution time-series data (recorded every 7 mins) 
were collected from WC MiniPATs via satellite, as well as from 15 physically recovered tags 
(data recorded every 20 s or 60 s), which were downloaded directly from each tag’s data archive 
(Table S2 – see supplementary material). 
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Data processing 
The data collected by the tags were filtered and analysed using R 3.3.2 (Team, 2014). 
For WC tags, percentage time at depth (PTD) and maximum depth (MD) data were aggregated 
daily based on summarised daily histogram and maximum depth files. To examine diel patterns 
of depth and temperature, only high-resolution time-series data were utilised. Tagged animals 
were separated into five size classes based on mass estimates made by anglers and charter 
captains at the time of capture. As females and males mature at 100 kg and 40 kg, respectively, 
it was assumed that all tagged animals that had an estimated mass over 100 kg were mature 
(Domeier and Speare, 2012). However, due to the inability to determine the age or sex of tagged 
animals for all size classes, additional groupings were based on five arbitrary mass ranges that 
had sufficient samples sizes for downstream analysis.  These were: small (20 – 50 kg); 
intermediate (51 – 100 kg); medium (101 – 250 kg); large (251 – 400 kg); and very large (> 
400 kg). 
Geolocation estimation 
Daily position estimates were calculated using a state-space model accessed through 
the WC proprietary software, Global Position Estimator 3 (GPE3) (Wildlife computers, WA, 
USA). The state-space model uses light level, in situ temperature observations and their 
corresponding remotely sensed reference data (twilight, SST) into a diffusion-based space state 
movement model to generate time-discrete gridded probability surfaces (Skomal et al., 2017; 
Santos & Coelho 2018). Grids are produced at a resolution of 0.25 degrees. To reduce the 
number of unrealistic positions, an estimate of maximum animal speed was input to represent 
the standard deviation of diffusion rate for the animal. A starting maximum speed of 200 km 
day-1 was input, based on the knowledge that I. indica have been recaptured to 500 km from 
their tagging location after three-days (J. Pepperell, unpublished data, 2008). Animal speed 
was then varied to ensure the geolocation estimation was within the model bounds and 
stabilised across runs, with optimal animal speed for all tagged I. indica being estimated at 250 
km day-1. Tagged fish were also assessed for whether they have died or been eaten (predation 
event) based on signatures by examining depth, light and temperature profiles in the days 
following release. The data for any fish which was deemed to have died within 10 days’ post 
release or been eaten (predation event) was removed from further analysis to ensure that the 
data was reflective of ‘normal’ behaviour. 
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For all fish from which tags detached prematurely, an assessment of post-release 
survival was undertaken. If mortality occurred within 10 days’ post-release, it was determined 
to have been induced by the capture event (Tracey et al., 2016). Examinations of depth, light 
and temperature profiles in the days following release were undertaken to estimate the fate of 
all tagged fish. The fate of each tag was assigned to one of the four categories; catch induced 
mortality, predation, natural mortality or tag shedding/programmed release. A capture induced 
mortality was assigned to tags that sank to ~1800m in depth (well beyond the maximum depth 
reported for the black marlin) within the first 10 days of release and stayed there for 24 hours 
until the tag’s programmed release trigger. Tagged animals that were characterised as being 
predated upon experienced an extended period of darkness (greater than 2 days) whilst 
maintaining a normal depth and temperature profile.  Natural mortality was assigned to tags 
that sank to ~1800m in depth after 10 days’ post-deployment and stayed there for 24 hours 
until the tags programmed release trigger. A tag shedding/programmed release refers to a tag 
that maintained a normal depth, light and temperature profile and released from the animal 
between 10 days’ post-deployment or on the programmed release date. The data for any fish 
whose fate was deemed to have been due to capture induced post-release mortality or predation 
were removed from further analysis to ensure that the data used reflected ‘normal’ behaviour. 
Data analysis 
Environmental data were derived from broad-scale climatological datasets to 
investigate associations with I. indica vertical habitat use. Monthly 1o - grid climatology data 
of dissolved oxygen at 100 m, 200 m and 300 m depths was sourced from World Ocean Atlas 
2009 (WOA09), and a suite of satellite remote-sensed data (Table S1 – see supplementary 
material) from NOAA Coastwatch were extracted along daily track positions using 
xtractomatic routines in R (Team, 2014) as described by Lam et al. (2015). To account for 
error in the position estimates and ensure consistent spatial coverage of remote-sensed data, an 
average value for each given position was calculated with a 0.25o error. An estimate of ∆T was 
calculated as the difference between remote-sensed SST and archival tag-sampled temperatures 
at depth. Positive ∆T values reflect cooler measured temperature than SST (Brill et al., 1993).  
 To account for any spatial variability when investigating differences in vertical habitat 
use, data were sub-sampled from an area of spatial overlap based on the daily position estimates 
from the most probable track of tagged animals across all five size classes. The area of spatial 
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overlap was defined by observations within latitudes of 10oS to 20oS and longitudes of 145oE 
– 160oE. The sub-sampled data were plotted to test the data for normality and to check that the 
distribution of the data was consistent among size classes. To assess for differences in the MD 
and PTD data among size classes a Friedman repeated-measures non-parametric analysis of 
variance was undertaken in R. In order to account for repeated observations by individual fish, 
a unique tag identification number was included as a random variable. To determine whether 
the distribution of temperatures utilised at depth, relative to the SST (∆T) varied among size 
classes Kolmogorov–Smirnov tests were performed on the time-series data in R. To correct for 
multiple comparisons a Bonferroni correction was applied to the alpha value.  
The effect of environmental factors on the vertical habitat use of tagged I. indica was 
investigated using generalised additive mixed models (GAMMs). Two separate GAMMs were 
fitted to examine the relationship between environmental predictor variables and the response 
variables (MD and PTD < 150m) (Lewis, 2009). Environmental factors from the climatological 
databases including; Chl-a, SST, dissolved oxygen at 100 m depth intervals (DO100-300m), 
mixed layer depth (MLD), sea-surface height deviation (SSHd), surface wind speed (Wind), 
location (longitude–latitude pair - derived from the most probable track) and month were 
modelled as fixed explanatory variables. GAMMs were constructed based on the same 
approach undertaken by Lam et al. (2015), with analysis run using the package ‘mgcv’ in R 
and after visual assessment of the error distribution, a Gaussian family with an identity link 
function was applied (Wood, 2006).  All explanatory variables were modelled as continuous 
variables and smoothed, with the exception of month as it was categorical. To account for 
multiple observations from the same tagged fish, each fish was modelled as a random variable. 
Correlations between variables were investigated and the presence of co-linearity between 
covariates was assessed against the Variance Inflation Factor (VIF) using the corvif function 
by Zuur et al. (2007). Variables were determined to be co-linear if they contained VIF scores 
greater than five (Zuur et al., 2007). If co-linearity was identified, the variables with the highest 
VIF values were sequentially removed until all VIF values were less than the threshold (Zuur 
et al., 2007). The initial, full factorial models were: 
Ri = s(Location) + s(MLD) + s(SST) + s(Wind) + s(Chl-a) + s(SSHd) + s(DO100m) + s(DO200m) 
+ s(DO300m) + Month + Fishi + ε 
Where Ri is the response variable (MD or PDT) for Fishi, and i = 1, . ., number of 
individual fish n; environmental predictor variables are defined earlier, ε is the Gaussian error 
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term, and smoothing functions were chosen automatically and evaluated manually using the 
‘gam.check’ function. The amount of smoothing (k) applied to the splines was limited to ensure 
that the model did not overfit the data, yet sufficient to describe the nonlinearity between the 
response and explanatory variable (Zuur et al., 2007). 
The selection of an optimal model was undertaken using a backward selection strategy, 
whereby non-significant explanatory variables were dropped in sequential order until a final 
model containing only significant predictors was reached, as described by Lewis (2009). 
Statistical significance was set at α = 0.05 during the selection process. The final model was 
visually inspected to confirm the fit of all data and residuals in diagnostic plots. Explanatory 
variables were considered as strong predictors of vertical habitat use if they were significant in 
both PTD and MD models. 
Results 
Of the 102 PSATs analysed, 14 tags were physically recovered after pop-off. Within 
the first 10 days of deployment 29 tags released prematurely, 14 of which were able to be 
attributed to tag shedding. Tag induced mortalities were found to occur in 10 of the animals 
tagged (~10%); five of which appeared to have been predated upon with the remaining five 
deemed to be capture-induced mortalities. The remaining deployments that released within the 
first 10 days had insufficient data to determine whether the fate of the tag was due to shredding 
or mortality. The remaining 74 tags stayed attached for a median of 82 days, producing tracks 
with a total of 6,788 geolocation days. These data were included in subsequent analyses. The 
number of I. indica tagged from each size class comprised; 14 small (20 - 50 kg), 16 
intermediate (51 – 100 kg), 43 medium (101 – 250 kg), 14 large (251 – 400 kg) and 15 very 
large fish (> 400 kg). Tags stayed on animals for a median duration of 56 days (range: 1 - 201) 
(Table S2 – see supplementary material). The displacement distance travelled by I. indica after 
tagging ranged from 10 to 10,623 km, including trans-oceanic and trans-equatorial movements.  
Diving behaviour 
Evaluation of time-series data resulted in the identification of two distinct diving 
behaviours; episodic deep-diving behaviour and bounce-diving behaviour (Figure S1– see 
supplementary material). Episodic deep-diving behaviour was characterised by infrequent 
excursions below 400 m. These episodic deep dives were characterised by short dive durations 
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(no longer than 20 – 30 min) and a “V” shape dive profile, with animals spending <60 s at the 
maximum depth before ascending. Episodic deep-diving to depths greater than 400 m was 
observed in 28 individuals across all size classes. It was identified that episodic deep-dives 
were more common in fish from adult size classes (>50% of individuals from medium, large 
and very large classes) than in individuals from intermediate and small classes (<20%).  
Bounce-diving was characterised by fish remaining in the upper water column (~20 m 
deep) during the night, and undertaking a number of short repetitive dives to between 80 and 
400 m throughout the day (Figure 6.1). The number of repetitive dives was often >10 day-1, 
and bounce-diving behaviour appeared to start shortly after sunrise. Bounce-diving behaviour 
was found to be consistent among fish greater than 50 kg (intermediate, medium, large and 
very large size classes) with routine dives commencing at sunrise and occurring throughout the 
day until sunset. Although bounce-diving was detected in small fish, it appeared to be less 
frequent and occurred during both day and night (Figure 6.1). 
Vertical habitat utilisation  
Tagged I. indica recorded a daily average maximum depth (MD) of 206 m (± 123 m), 
with 600 m being the deepest dive of any individual. Significant differences in the MD within 
the sub-sampled area of spatial overlap were detected among all five size classes (Friedman’s 
test: χ2 = 60.05, p<0.05), with the exception of between medium and large I. indica (Figure 
6.2). Overall, the mean MD increased with increasing size. A similar pattern of increasing 
depth of vertical habitat use was also observed in the PTD, with significant differences 
observed among all size classes, except for medium and large size classes (Friedman’s test: 
χ2 = 49.08, p<0.05). Large and very large fish spent greater than 10% of time below 150 m, 
contrasting with small and intermediate marlin which spent as little as 1.5% and 4.3% of time 
below 150 m, respectively.  
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Figure 6.1. Typical week-long dive profiles of varying sized Istiompax indica; A) dive 
profile of a 150 kg medium; B) 90 kg intermediate; and C) 30 kg small. Light shading identifies 
night-time hours (7 pm - 5 am) as defined by light level data. All dive profiles were in waters 
off the continental shelf with a bathymetric depth > 1,000 m. 
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Figure 6.2. Influence of maturity stage on diving behaviour. Boxplots depicting the 
distribution of maximum diving depth (top panel) and percentage time at depth < 150m 
(bottom panel) across five size-classes of Istiompax indica. The box represents the first and 
third quartiles, the bold horizontal bar represents the median, black circles represent outliers, 
red diamonds indicate the mean and an asterisk indicates that a size class is significantly 
different from all other classes. 
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Temperature utilisation 
I. indica utilised a wide range of water temperatures, from 7.4 – 31.3oC, although there 
was a higher occupancy of waters around 25 – 27oC. The frequency of temperature at depth 
distribution experienced by I. indica relative to the SST (∆T) were significantly different 
among size classes (Kolmogorov-Smirnov test, p<0.01). The range of ∆T values experienced 
by the various size classes varied from ~6.5oC in small to ~21.5oC in medium, large and very 
large I. indica. Despite differences in the magnitude of ∆T that were exhibited by different size 
classes, the majority of temperature records for all size classes were within 5oC of sea surface 
temperature, amounting to ~87% for very large, 91% for large and intermediate, 97% for 
medium and ~99% for small size classes (Figure 6.3).  
Diel patterns 
Pronounced diel patterns in vertical habitat use were detected for all individuals, 
however they were not consistent across all size classes (Figure 6.4). Occupancy of deeper 
depths during daylight hours was found to increase with size class. All size classes greater than 
50 kg (intermediate – very large) occupied greater depths during the day than during the night. 
This increase in depth utilisation during daylight hours was driven by the onset of bounce 
diving, which resulted in movement into deeper waters (Figure 6.1). During the night, bounce 
diving ceased and animals larger than 50 kg were found to shift their behaviour to occupy 
surface waters (Figure 6.4). In contrast, tagged I. indica from the smallest size class occupied 
shallower depth ranges during daylight hours, than they did at night. The shift in vertical habitat 
use between day and night, was also less pronounced than that observed in the larger size 
classes.  
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Figure 6.3. Temperature at depth utilisation of I. indica. 
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Figure 6.4. Diel behaviour of I. indica. Mean swimming depth over the course of a 24-hour 
day for the five different size classes with 95% confidence intervals indicated by grey 
shading. 
Factors influencing vertical habitat use 
The effects of spatio-temporal and environmental factors on the daily vertical habitat 
use of I. indica were examined using two GAMMs. Dissolved oxygen at 100 m, MLD, SSHd 
and location were all identified to significantly affect the PTD < 150 m and MD (Table 6.2). 
The best-fit model for PTD also included month and dissolved oxygen at 200 m and 300 m as 
significant predictors. SST was found to be the only other variable significantly related to MD, 
while Chl-a and wind were not found to be related to either of the response variables. The best-
fit models for both MD and PTD explained (adjusted R2) ~24% of the overall variability. Co-
linearity was not detected among any of the significant predictors in the MD or PTD models.  
The magnitude of the response of both MD and PTD to changed when the mixed layer 
depths were greater than 50 m. The MD increased when the sea surface temperature was 
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between 26oC and 28oC (Figure 6.5). The spatial depth utilisation appeared to vary on both a 
latitudinal and longitudinal gradient. The MD was found to increase notably as tagged animals 
occupied tropical waters to the north of the Tropic of Capricorn (~23oS) and east of the Coral 
Sea basin (~155oE). A similar spatial trend was noted in the percentage time at depth, where 
time in the upper 150 m of the water column decreased as fish moved to the northeast into 
warm tropical waters (Figure 6.6). After fish left the Coral Sea basin the PTD gradually 
decreased from ~90% to ~65%, however, the spatial trend was not as strong across a 
longitudinal gradient as seen for the MD.  
A linear trend was observed for the MD and PTD in response to changes in the SSHd. 
The maximum daily depths recorded for I. indica became deeper with increases in the SSHd. 
As the PTD showed a negative response to increasing SSHd, it suggests that less time spent in 
the upper 150m water column occurred with rising SSHd (Figure 6.6). Decreases in the time 
spent in the upper water column by I. indica were also identified to occur when the availability 
of dissolved oxygen at 100m improved (Figure 6.6d). The response of DO100m to changing MD 
was found to be a non-linear trend that was weak in magnitude (Figure 6.5). This non-linear 
response of MD to DO100m illustrated that greater maximum depths were observed when DO 
concentrations were less than 4.2 mL O2 L
-1 or greater than 4.8 mL O2 L
-1. A non-linear trend 
was also noted in the response of DO300m to PTD, with the highest percentage of time spent in 
waters deeper than 150m occurring when DO300m concentrations were between 3.5 mL O2 L
-1 
and 4.2 mL O2 L
-1. 
Table 6.1. Summary of GAMM results on vertical habitat use of Istiompax indica. 
Explanatory variables that are significant predictors in a model are indicated with a check 
mark and grey shading identifies significant predictor in both models (i.e. strong predictors). 
 
Response Mean (SE) 
Adjusted 
R2 
Significant predictors 
  
DO  
100m 
DO 
300m MLD SSHd Location Month SST 
PTD 96 (0.9) 0.24        
MD 162 (7) 0.24        
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Figure 6.5. (A) Maximum daily depth by Istiompax indica. Tag observations are binned to 
generate average values in a 1ox 1o grid and plotted in false colour (map). (B-E) Estimated 
individual effects (solid line) of environmental covariates on the maximum depth. Shaded 
areas show 95% confidence limits. Ticks on x-axis denote values for which there are data. To 
aid visualisation, a horizontal line is added at 0 on the y-axis. Positive values on y-axis mean 
higher percentage. 
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Figure 6.6. (A) percentage time-at-depth <150 m by Istiompax indica. Tag observations are 
binned to generate average values in a 1o x 1o grid and plotted in false colour (map). (B-E) 
Estimated individual effects (solid line) of environmental covariates on the Percentage time at 
depth <150 m. Shaded areas show 95% confidence limits. Ticks on x-axis denote values for 
which there are data. To aid visualisation, a horizontal line is added at 0 on the y-axis. 
Positive values on y-axis mean higher percentage. 
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Discussion 
Accessing the world’s largest PSAT tagging datasets on I. indica enabled us to 
undertake the most comprehensive analyses of the species’ vertical habitat use, and to examine 
differences in diving behaviour by size. In this study, we found that vertical habitat use 
expanded with increases in the mass of tagged animals. We also demonstrated the influence of 
environmental factors (including the depth of the mixed layer, dissolved oxygen and sea 
surface height anomaly) and the spatial distribution on the maximum diving depth and time at 
depth. By characterising the vertical habitat use of I. indica across a broad size range of the 
species, our investigation provides a foundation for exploring ontogenetic differences in other 
large pelagic predators.  
Vertical habitat characterisation 
Vertical habitat use differed from that of previous satellite tagging investigations of I. 
indica (Pepperell and Davis, 1999; Gunn et al., 2003; Chiang et al., 2015). Tagged animals in 
our study were observed to regularly access or occupy mesopelagic waters (>200 m deep), with 
pronounced diel patterns in the diving behaviour, which had not previously been observed in 
I. indica. Our findings contrast with other studies in the South China Sea (Chiang et al., 2015) 
and the southwestern Pacific Ocean (Gunn et al., 2003), which concluded that I. indica was 
restricted to the upper ~250 m of the water column, with individuals rarely diving below the 
mixed layer (Pepperell and Davis, 1999; Gunn et al., 2003; Chiang et al., 2015). These 
observed differences in vertical habitat use are likely in part due to regional differences, with 
fish tagged in the South China Sea exposed to differing environmental conditions and the 
collection of depth data at 15 min intervals in that study which may have precluded the 
detection of fine-scale diving behaviour (i.e. bounce diving) (Chiang et al., 2015). By 
comparison, the analysis of I. indica diving behaviour by (Gunn et al., 2003), was limited to 
only two dive profiles, resulting in modest temporal and spatial coverage, which may have 
restricted the ability to capture the true extent of diving behaviour over longer time and area 
scales. However, the results reported herein are similar to the diving patterns reported for many 
other large pelagic fish species including blue marlin (M. nigricans) (Goodyear et al., 2008), 
yellowfin tuna (Thunnus albacares) (Schaefer et al., 2011) and tiger sharks (Galeocerdo 
cuvier) (Holmes et al., 2014), indicating that the vertical habitat use observed by I. indica is 
not uncommon among large pelagic predators.  
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The dive profiles of I. indica were characterised by two types of diving behaviour, 
which were similar to those observed for T. albacares, skipjack (Katsuwonus pelamis), and 
bigeye tuna (Thunnus obesus) (Schaefer et al., 2009); opportunistic deep-diving and bounce-
diving. Opportunistic deep-dives by I. indica were characterised by infrequent and 
unpredictable vertical movements to below 250 m, the deepest of which was recorded to 600 
m in the Coral Sea. In striped marlin (K. audax), opportunistic deep-diving has been suggested 
as an act of predator avoidance due to its irregular nature (Lam et al., 2015), and it is possible 
that opportunistic deep-diving of I. indica may also reflect an act of predator avoidance. 
Predation of five tagged fish was observed in this study, suggesting the relevance of predator 
avoidance as a potential motive for opportunistic deep-diving. Although opportunistic deep-
diving was useful in defining the vertical limits of I. indica, this behaviour was infrequently 
observed.  
Ontogenetic variability  
The depth exhibited by I. indica during bounce-diving behaviour varied considerably 
among size classes, but its commonality in occurrence indicated that it likely reflects an 
important behaviour. Bounce-diving has been extensively studied in several species of tuna 
where it has been suggested as an efficient foraging strategy that may encompass several 
behaviours such as odour detection, balancing physiological constraints to warm muscles and 
repay oxygen debts and Lévy flight foraging motion (Carey 1990, Sims et al., 2008 and 
Schaefer et al., 2009). The use of bounce-dives in thermoregulation enables an individual to 
regularly access warm surface waters to raise body temperature between dives, which then 
allows for an increase in the time available to forage below the thermocline (Holmes et al., 
2014). This bounce-dive behaviour in many large pelagic fishes is generally restricted to 
daylight hours when sunlight penetrates deep into the water column, facilitating the hunting 
ability of these large visual predators (Lam et al., 2015). Recent evidence from dietary 
investigations provides support for foraging as a motive for I. indica to undertake bounce-
diving to mesopelagic waters. Stomach content analysis has shown that I. indica fed almost 
exclusively on the purple-back flying squid (Sthenoteuthis oualaniensis), a deep-water species, 
during the day in the eastern Arabian Sea (Varghese et al., 2014). In the southwestern Pacific, 
the vertical distribution of S. oualaniensis closely correlates with the reported depth use of I. 
indica when bounce-diving (Dunning, 1998), suggesting a causal link between diving 
behaviour and prey distribution.  
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Despite the importance of bounce diving as a foraging behaviour, considerable 
differences in depth utilisation were noted among size classes, which appeared to be reflected 
in the periodicity, frequency and depth of bounce diving behaviour. Small I. indica were the 
only size class observed to undertake bounce diving during the night. This was further 
highlighted by the small size class being the only one that exhibited a greater surface affinity 
during the day than at night. The repetitive diving behaviour of small I. indica was often only 
to depths of 50 m – 70 m suggesting that if prey distribution is driving bounce diving depth, 
then these smaller sized animals are likely to be targeting different prey sources than larger 
marlin and/or avoiding predation. Gut content analysis of juvenile I. indica caught in the 
Southwestern Pacific supports this theory, with small pelagic baitfishes (Amblygaster sirm and 
Sardinella gibbosa) identified as the dominant prey species of juveniles 10-40 kg (Speare, 
1994). Both A. sirm or S. gibbosa occupy neritic waters (< 40m deep), suggesting that 
differences in diurnal patterns and depth utilisation may well reflect an ontogenetic diet shift 
(Williams and Cappo, 1990).  
Differences in vertical habitat use by animals of different size classes has also been 
reported for other pelagic predators (Musyl et al., 2003). For example, ontogenetic niche 
expansions observed in the depth distribution of small and medium sized tiger sharks (G. 
cuvier), were attributed to both a dietary shift and increased thermal inertia in larger sharks 
(Afonso and Hazin, 2015). It was also observed that young of the year G. cuvier used neritic 
habitats to enhance growth before presumably shifting to oceanic habitats and food sources 
(Afonso and Hazin, 2015). This may be similar for small I. indica, whose use of the water 
column may also be in part due to their occupancy of neritic waters (Pepperell, 1990). As a 
result, depth utilisation by I. indica and their prey species may be physically restricted by the 
shallow benthos of coastal waters. In light of this, in this study it was observed that when small 
fish occupied waters off the continental shelf (> 2000m) they were seldom observed to dive to 
below 100 m (see Figure 6.1). This indicates that while prey distribution is likely to provide a 
motive for ontogenetic niche expansion, in deeper waters it is likely that environmental factors 
play a role in limiting the extent of vertical habitat utilisation. 
Physical drivers of depth utilisation  
Temperature influences the distribution and development of marine finfish, with 
preferred temperature ranges often coinciding with optimal growth rates (Kalinin et al., 2009). 
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For any fish species, optimal performance (e.g. oxygen uptake, heart rate and stroke volume, 
skeletal muscle contractility, and cellular processes) is dependent on body temperature. For 
ectothermic species, as water temperature falls below their particular optimum operating 
temperature they become physiologically compromised, which affects swimming performance 
(Shiels et al., 2015). Therefore, it is not surprising that temperature has been identified as one 
of the primary physical factors associated with depth utilisation of billfishes (Hoolihan et al., 
2011; Braun et al., 2015). The physiological effects of temperate also appears to influence 
vertical habitat use of I. indica, as observed in this study, where increases in depth utilisation 
were associated with SST and mixed layer depth, suggesting an expansion of the thermal niche 
for larger individuals. The effect of temperature on I. indica was similar to that observed in T. 
albacares, where greater time spent at depths by larger fish was accredited to their enhanced 
physiological tolerance to low temperatures and dissolved oxygen concentrations (Schaefer et 
al., 2014). In the current study, the maximum diving depth and time-at-depth increased as I. 
indica moved into warmer equatorial waters, consistent with the effects of temperature on 
performance (Horodysky et al., 2016).  
It has been suggested that the temperature of the heart may play an important role in 
limiting the vertical movement of tunas and billfish (Brill et al., 1998). In Pacific bluefin tuna 
(Thunnus orientalis), the effect of prolonged exposure of the heart to cold temperatures has 
been shown to drive collapse of cardiac output (Shiels et al., 2015). This may also be the case 
for istiophorid billfishes, as like tunas, the heart in marlin consists of a high-pressure, high 
stroke rate pump (Daxboeck and Davie, 1986). The heart in M. nigricans comprises about 
0.15% of the body mass (Daxboeck and Davie, 1986), and is relatively large compared to most 
other fishes. Marlin have well-developed coronary circulation which is unusual among teleost 
fishes, but common in other teleosts capable of sustained, fast swimming (Tota, 1983). The 
coronary arteries arise from efferent branchial arteries (cranial source) and the dorsal aorta 
(caudal source), and deliver oxygenated blood to the heart. This blood, having recently passed 
through the gills, which are efficient heat-exchangers, will be close to ambient water 
temperature (Carey et al., 1971; Carey and Gibson, 1983). Therefore, as marlin descend into 
cooler waters there will be a rapid cooling of the heart that will affect cardiac performance, 
which is likely to be size-independent. Therefore, if the temperature of a marlin’s heart was the 
limiting factor, it would be expected that the diving of all I. indica size classes would be 
restricted to a similar depth. Our finding is in contrast to this, as vertical habitat use 
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(temperature range and depth range) expanded with body mass of tagged animals. As a result, 
if I. indica vertical habitat use is restricted by temperature, then it is likely that other aspects of 
their physiology, such as skeletal muscle contractile performance, or lactic acid build-up in the 
tissues, represent the limiting factor (Horodysky et al., 2016). Alternatively, it could be that 
marlin diving behaviour is dictated by ecological factors such as prey availability and that it is 
not necessary for small marlin to access the colder mesopelagic waters as sufficient prey is 
available in the upper photic zone. However, in the absence of controlled data on the effect of 
temperature on istiophorid billfish cardiac (and skeletal) muscle, the physiological response of 
billfish to environmental change is restricted to that which may be surmised from tagging 
studies. 
As with temperature, dissolved oxygen in surrounding water is a physical factor critical 
for maintaining physiological function in teleost fishes (Crawshaw, 1977; Carlisle et al., 2017). 
Despite billfishes having specialised gills for optimising gas exchange, oxygen availability is 
still likely to affect their diving physiology due to the high metabolic demands of being a large 
very active pelagic predator (Wegner et al., 2006; Wegner et al., 2010). Tagging studies on 
istiophorids off the tropical eastern Pacific have shown that hypoxic waters are associated with 
a compression of the vertical habitat used by I. platypterus and M. nigricans (Prince et al., 
2010; Braun et al., 2015). Our findings also identified DO as a strong predictor of I. indica 
vertical habitat use in the southwestern Pacific. The presence of oxygen-rich waters in the 
southwestern Pacific and interaction between physical factors on the physiological response 
likely contributed to the non-linear relationship between MD and DO100m. In the central Pacific 
where the water column is also characterised by high oxygen availability, changes in DO have 
been found to influence the movement of tagged M. nigricans when fish were already 
physiologically stressed by operating outside their optimal thermal window (Carlisle et al., 
2017). Thus, as oxygen availability and temperature both decrease with increasing depth, this 
combination is likely to result in physiological stresses that ultimately limit available vertical 
habitat (Carlisle et al., 2017; Schmidtko et al., 2017).  
Understanding the effects of physical factors on the depth utilisation of pelagic fishes 
is imperative given recent declines in the dissolved oxygen content of oceans due to global 
warming (Schmidtko et al., 2017). The equatorial Pacific Ocean has been associated with the 
largest declines in oxygen content of any oceanic region (Schmidtko et al., 2017). This decline, 
combined with associated changes in water temperatures, could drive changes in both the 
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vertical and horizontal distribution of I. indica stocks regularly accessing these waters 
(Schmidtko et al., 2017). Along the east coast of Australia, the effects of ocean warming has 
reportedly shifted the preferred surface habitat of juvenile I. indica southward by ~88 km 
decade-1 and as much as ~300 km during El Nino years (Hill et al., 2016). While considerable 
uncertainty remains as to how billfishes will respond to environmental change, changes to the 
migration phenology, spawning, sex determination, vertical distribution and survival rate of 
larvae have all been suggested (Gilman et al., 2016). If pelagic species are unable to adapt to 
environmental change it could also have broad scale implications for fisheries, including a shift 
in global fishing effort, increased susceptibility to fishing gear (i.e. longline and gillnets) and 
even collapse of some fisheries (Stramma et al., 2012).  
In addition to the effects of temperature and oxygen availability, the other physical 
factor found to be a strong predictor of I. indica vertical habitat use was SSHd. Changes in 
SSH indicate the presence of mesoscale ocean features, resulting in SSHd increases often being 
associated with fronts or eddies (Zainuddin et al., 2006). Consequently, SSH is commonly 
investigated as a predictive variable for horizontal movement in billfish and has been linked 
with shifting species distributions and noted increases in CPUE (Teo and Block, 2010; Hill et 
al., 2016). The recent identification of SSH as a significant variable in depth utilisation models 
for the L. guttatus and K. audax, suggests that cyclonic eddy systems may also play an 
important role in determining how large pelagic predators use the water column (Polovina et 
al., 2008; Lam et al., 2015). However, this is not surprising as increased levels of primary 
productivity during the formation of eddies drive the aggregation of popular prey items 
(Zainuddin et al., 2006). The association of SSH anomalies with changes in vertical habitat 
use, may therefore be reflective of feeding behaviour during periods of high prey availability.  
Conclusions and recommendations 
Advancements in the field of wildlife telemetry have led to a growing number of 
investigations on the vertical habitat use of pelagic fishes (Braun et al., 2015). Our results add 
new insights to this knowledge base by revealing fundamental differences in the vertical habitat 
use of different sized I. indica. Future investigations of intraspecific size differences in other 
species of billfish will be important to identify whether this relationship exists across the 
broader species group or varies among species. Furthermore, the differences in diving 
behaviour of I. indica observed between regions highlight the need for tagging in other areas 
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such as the eastern Indian Ocean, to assess whether depth utilisation is variable among I. indica 
populations there (Williams et al., 2015a). The findings herein also enhance our understanding 
of the spatiotemporal and environmental factors that influence diving behaviour of istiophorid 
fishes. The environmental data used herein were the best available for the broad-geographic 
range covered in this study, however, finer scale characterisation of environmental variables 
and the availability of updated information on outdated datasets, such as those for dissolved 
oxygen, should be a priority to provide greater confidence in our understanding of current 
environmental influences on wild-fish stocks and fisheries. There is also a need for controlled 
swimming tunnel studies and the implanting of archival tags with internal temperature logging 
capabilities to further our understanding of how billfish respond to environmental change.   
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Significant findings of this research 
The current and potential impacts of fishing and climate change on billfish stocks varies 
considerably among oceans (Prince et al., 2010). The highly migratory nature of billfish means 
that they are exposed to different fisheries across their broad geographic ranges. While 
prohibition on landings and the sale istiophorid billfish have been implemented in a number of 
countries, which recognises the value of billfish as recreational tag-and-release species, the 
areas involved only encompass a small percentage of the world’s oceans (Campbell et al., 
1996). On the high seas billfish are caught as a bycatch, secondary-commercial or key-
commercial species depending on region and fishing fleet, while in coastal waters sub-adult 
and juvenile billfish remain highly susceptible to capture by artisanal net and line fisheries. The 
lower value of billfish when compared to tunas, and that lower conservation concern when 
compared to many shark species has led to stocks being poorly monitored and managed 
(Collette et al., 2011b). Yet the increase in artisanal fishing by developing nations to provide 
economic provisions and food security has seen billfish catches continue to rise in many 
regions of the world (Collette et al., 2011b). 
Until recently, information on the biology and ecology of Istiompax indica that could 
inform monitoring or management of stocks has been meagre, leading to a number of stocks 
remaining unassessed (Pons et al., 2016). While prohibitions on the landing or sale of I. Indica 
in some countries has reduced pressure on some stocks, the status of stocks in the Indian Ocean 
remains overfished and subject to overfishing (IOTC, 2016b). In addition, I. indica remains 
listed as ‘Data Deficient’ on the IUCN Red List due to “inadequate information to make a 
direct, or indirect, assessment of (the species’) risk of extinction based on its distribution and/or 
population status”. In the current case, this reflects a lack of biological data, uncertainty 
associated with misreporting and unreliable catch information from artisanal fishing fleets 
(Collette et al., 2011b). The taxonomic classification of I. indica also remains in doubt, with 
ambiguity over their phylogenetic placement after being repositioned into the monotypic genus 
Istiompax during the revision of billfish taxonomy by Collette et al. (2006). The research 
included in this thesis addresses these issues and provides updated biological information to 
assist with adequate assessment and management of I. Indica stocks globally. 
The use of whole mitochondrial genomes of I. indica to investigate the phylogenetic 
relationships in this thesis was able to validate the phylogentic restructuring of Istiophoridae 
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and resolve the placement of taxa by Collette et al. (2006). Chapter 2 resolves the position of 
I. indica as a sister taxon to Kajikia and validates the taxonomic restructuring of Xiphioidei. 
Our investigation also provided new insights into the close relatedness between Kajikia audax 
and Kajikia  albida as well as Tetrapturus belone and Tetrapturus pfleugeri. The noted overlap 
in the range of each species-pair and close genetic identity, indicated the potential for these 
species to represent populations in the process of speciation rather than separate species 
(Williams et al., 2018). While the focus of the study was to elucidate the higher-level 
relationships, the close genetic and morphological relationships among species of billfish 
further highlighted the need for genetic markers for species identification and considerable 
attention to population-level analysis. 
Accurate species-level reporting and identification by fisheries observers is a critical 
component for monitoring and assessing the impact of fishing pressure on any given stock. 
Without an adequate means to differentiate species morphologically or genetically, it can result 
in incorrect estimates of fishing mortality or the use of erroneous biological parameters which 
can mask population declines. As part of this thesis, a high level of misidentification (80%) by 
fisheries observers was documented among pacific billfish samples (Chapter 3). The 
misidentification of Makaira nigricans and K. audax as I. indica, places considerable 
uncertainty over the reported catches and stock status of all three species. Misidentification 
among species of billfish had previously been observed in the Western North Atlantic, where 
up to 27% of the K. albida catch was found to be T. georgii (Beerkircher et al., 2009; Bernard 
et al., 2013). This large proportion of T. georgii undermined past stock assessments for both 
species, due to the historical catch ratios and population growth rates being deemed unreliable 
(Beerkircher et al., 2009). With K. audax catches assessed as unsustainable, and both I. indica 
and M. nigricans stocks yet to be assessed in many regions of the Pacific Ocean, the finding of 
erroneous species identification that leads to incorrect catch reports, raises serious questions 
about the status of all three species throughout their overlapping range (Indo-Pacific).   
The lack of information on the stock structure of billfishes has long been a limiting 
factor in assessing the status of stocks globally (Graves and McDowell, 2015). An 
understanding of stock structure of highly migratory species, that can move across multiple 
management jurisdictions, is critically important to ensure that management units reflect the 
true extent of a biological stock (Maguire, 2006). However, the broad geographic distributions 
and diffusive nature of billfish has proven challenging for previous population genetic studies 
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to collect geographically presentative samples (Graves and McDowell, 2003). To gain 
sufficient number of samples across the broad geographic range of I. indica, we developed a 
non-lethal citizen science sampling program to provide a method for effective collection of 
tissue samples in collaboration with recreational anglers (Chapter 4). The novel sampling 
program allowed a sufficient number of geographically representative tissue samples to be 
collected for downstream population genetic analysis. The program also demonstrated that 
citizen science can be utilised for non-lethal sampling of recreationally-caught fish, promoted 
the use of similar methods for sample collection in other highly migratory species. 
A population genetic study was undertaken to identify the stock structure of I. indica 
throughout its Indo-Pacific range (Chapter 5). By utilising the genetic samples collected 
through the citizen science program in combination with a suite of nuclear genetic markers, the 
resulting analysis provided unprecedented insights into the genetic stock structure of I. indica. 
The investigation provided evidence of temporally stable genetic structure between and within 
ocean basins. It was identified that while separate South and North-Western stocks exist in the 
Pacific Ocean, the Indian Ocean comprised a single genetic stock. The stock structure was 
further supported by tagging data which showed philopatric movements of I. indica to known 
spawning grounds (Domeier and Speare, 2012; Sun et al., 2015; Williams et al., 2015a). The 
outcomes of this research provide a foundation for further assessment of I. indica stocks 
throughout its range and provides management options that have the potential to relieve fishing 
pressure from spawning grounds (Sharma et al., 2017). The absence of temporal changes in 
allele frequencies provided evidence that the genetic population structure identified herein is a 
long-term, stable feature throughout the geographic range of I. indica. This evaluation of 
‘historical’ and contemporary samples also highlighted the opportunity for future genetic 
monitoring to assess whether on-going environmental change results in long-term changes to 
the migratory phenology of I. indica. 
The influence of environmental factors on the distribution and abundance of large 
pelagic fishes has been documented (Braun et al., 2015; Horodysky et al., 2016). However, it 
remains uncertain as to how billfishes will respond to environmental change – for example 
whether alterations to the migration phenology, spawning, vertical distribution and survival 
rate of larvae may occur (Gilman et al., 2016). To understand the potential effects of 
environmental change of pelagic fish, there is a need to first characterise horizontal and vertical 
movement patterns and key environmental drivers of movement of species. This study was the 
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first to characterise the influence of environmental factors on the vertical habitat use of I. indica 
(Chapter 6). Modelling of environmental variables revealed the sea surface height deviation, 
mixed layer depth, and dissolved oxygen to all be significant predictors of vertical habitat use. 
The depth use of I. indica was also found to vary by geographic region. Understanding how 
environmental factors influence movement ecology of I. indica provided insights into the 
effects of environmental change and potential changes in the susceptibility of stocks to fishing 
pressure (Stramma et al., 2012). Furthermore, the identification of ontogenetic differences in 
the diving behaviour of I. indica in this study suggested that different life-stages may differ in 
their response to environmental change.  
Future direction and considerations for management 
The outcomes of this thesis provide future direction for research and management of 
billfish stocks. The identification of stock structure and spawning grounds for all species of 
billfish should be made a research priority by RFMOs given the poor status of stocks that have 
been assessed. For I. indica, it is critical that investigations be undertaken to identify spawning 
ground(s) in the Indian Ocean using a combination of catch data, tagging, histology and/or 
larval sampling. With no defined management for istiophorid billfishes in the Indian Ocean, 
the use of spatial closures to relieve pressures on spawning grounds would increase the 
resilience of the stock against collapse, until adequate output controls can be implemented 
(Sharma et al., 2017).  
There is a need for broad scale investigations to determine the level of misreporting of 
marlins throughout the Indian and Pacific Oceans. Understanding the extent of misreporting 
by observers and fishers is critical to inform the level of (un)certainty around past and current 
stock assessments. With many billfish stocks yet to be assessed and others identified as 
overfished and subject to overfishing, understanding the true level of catch is vital to protect 
stocks from collapse. It was noted that the development of a standard training program for 
billfish identification and routine genetic monitoring would likely improve reporting standards 
by observers and fishers in the future. The use of electronic monitoring technology on vessels 
or collection of digital images by fisheries observers should also be considered as tools by 
RFMOs to improve reporting of catch by fishers as they would capture a visual record for 
validation. 
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Further work is not only needed on the population structure of other billfish species, 
but there is also a need to investigate the close genetic relatedness between species within 
Kajikia and Tetrupturus. Although previous investigations have examined the relationships 
among closely related species, many have been limited to a focus on only a single genetic or 
morphological approach. Therefore, in order to adequately address whether ongoing genetic 
connectivity or hybridisation is occurring among taxa, it is recommended that future studies 
employ a multi-disciplinary approach that includes morphological characters, geographic 
information, nuclear and mtDNA genetic markers (Solís‐Lemus et al., 2015).  
Results of the tagging analysis completed in this thesis challenge the physiological 
assumption that functionality of the heart is the limiting factor to the depth and temperature 
profile of billfish. The outcomes of our study suggest that other aspects of billfish physiology 
such as skeletal muscle contractile performance and lactic acid build-up in the tissues, should 
be to focus of further work to understand the physiological effects of temperature change. In 
addition, to further understand of the physiological response of billfish to environmental 
change, researchers should look to use novel methods for collecting controlled data on billfish, 
such as the use of swim tunnel or attachment of archival tags with internal body temperature 
logging capabilities. Without the application of novel techniques to collect baseline 
physiological data, researchers will be limited in the ability to understand the long-term 
physiological effects of environmental change on istiophorid billfish. 
Conclusion 
This thesis provides the first comprehensive assessment of the global stock structure, 
vertical habitat use, fisheries misidentification and phylogenetic status of I. indica. Using a 
suite of innovative methods to sample, tag and genetically assay I. indica throughout its range, 
this study has been able to improve our understanding of not only billfish, but large pelagic 
predators. This research highlights the susceptibility of I. indica to lifelong fishing pressures 
that render stocks vulnerable to growth and recruitment overfishing. The commercial 
exploitation of billfish at spawning aggregations and catches of juveniles using coastal drift 
nets, means that stocks are likely to be more susceptible to over exploitation than previously 
thought. While such a concern has been identified in the Indian Ocean, the full extent of 
exploitation may yet to be fully quantified given the issues of species misidentification and 
lacking data from artisanal fleets. Furthermore, with the effect of fishing pressure yet to be 
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assessed across many pelagic fish stocks, it is likely that many more stocks are also being 
exposed to unsustainable catch levels. While it is anticipated that the outcomes of this research 
will be used to inform fisheries management and future research priorities, it is hoped that this 
thesis will highlight the need for greater attention and regulation around pelagic fish stocks 
globally.  
 104 
 
REFERENCES 
Afonso, A. S. & Hazin, F. H. (2015). Vertical movement patterns and ontogenetic niche expansion in 
the tiger shark, Galeocerdo cuvier. PLoS ONE 10, e0116720. 
Allendorf, F. W., Hohenlohe, P. A. & Luikart, G. (2010). Genomics and the future of conservation 
genetics. Nature Reviews Genetics 11, 697-709. 
Andrews, K. R., Good, J. M., Miller, M. R., Luikart, G. & Hohenlohe, P. A. (2016). Harnessing the 
power of RADseq for ecological and evolutionary genomics. Nature Reviews Genetics 17, 81-
92. 
Antao, T., Lopes, A., Lopes, R. J., Beja-Pereira, A. & Luikart, G. (2008). LOSITAN: a workbench to 
detect molecular adaptation based on a Fst-outlier method. BMC Bioinformatics 9, 323. 
Awruch, C. A., Jones, S. M., Asorey, M. G. & Barnett, A. (2014). Non-lethal assessment of the 
reproductive status of broadnose sevengill sharks (Notorynchus cepedianus) to determine the 
significance of habitat use in coastal areas. Conservation Physiology 2, cou013. 
Barnett, A., Abrantes, K. G., Baker, R., Diedrich, A. S., Farr, M., Kuilboer, A., Mahony, T., McLeod, 
I., Moscardo, G. & Prideaux, M. (2015). Sportfisheries, conservation and sustainable 
livelihoods: a multidisciplinary guide to developing best practice. Fish and Fisheries 17, 696-
713. 
Bates, A. E., Pecl, G. T., Frusher, S., Hobday, A. J., Wernberg, T., Smale, D. A., Sunday, J. M., Hill, 
N. A., Dulvy, N. K., Colwell, R. K., Holbrook, N. J., Fulton, E. A., Slawinski, D., Feng, M., 
Edgar, G. J., Radford, B. T., Thompson, P. A. & Watson, R. A. (2014). Defining and observing 
stages of climate-mediated range shifts in marine systems. Global Environmental Change 26, 
27-38. 
Battaglia, P., Perzia, P., Pedà, C., Esposito, V., Consoli, P., Andaloro, F. & Romeo, T. (2017). 
Evolution, crisis and new scenarios of the Italian swordfish harpoon fishery. Regional Studies 
in Marine Science. 
Beaumont, M. A. & Nichols, R. A. (1996). Evaluating loci for use in the genetic analysis of population 
structure. Proceedings of the Royal Society of London B: Biological Sciences 263, 1619-1626. 
 105 
 
Beerkircher, L., Arocha, F., Barse, A., Prince, E., Restrepo, V., Serafy, J. & Shivji, M. (2009). Effects 
of species misidentification on population assessment of overfished white marlin Tetrapturus 
albidus and roundscale spearfish T. georgii. Endangered Species Research 9, 81-90. 
Bekkevold, D., Helyar, S. J., Limborg, M. T., Nielsen, E. E., Hemmer-Hansen, J., Clausen, L. A. & 
Carvalho, G. R. (2015). Gene-associated markers can assign origin in a weakly structured fish, 
Atlantic herring. ICES Journal of Marine Science 72, 1790-1801. 
Bell, J., Reid, C., Batty, M., Lehodey, P., Rodwell, L., Hobday, A., Johnson, J. & Demmke, A. (2013). 
Effects of climate change on oceanic fisheries in the tropical Pacific: implications for economic 
development and food security. Climatic Change 119, 199-212. 
Bernard, A. M., Shivji, M. S., Domingues, R. R., Hazin, F. H. V., De Amorim, A. F., Domingo, A., 
Arocha, F., Prince, E. D., Hoolihan, J. P. & Hilsdorf, A. W. S. (2013). Broad geographic 
distribution of roundscale spearfish (Tetrapturus georgii)(Teleostei, Istiophoridae) in the 
Atlantic revealed by DNA analysis: implications for white marlin and roundscale spearfish 
management. Fisheries Research 139, 93-97. 
Bernatchez, L., Wellenreuther, M., Araneda, C., Ashton, D. T., Barth, J. M. I., Beacham, T. D., Maes, 
G. E., Martinsohn, J. T., Miller, K. M., Naish, K. A., Ovenden, J. R., Primmer, C. R., Young 
Suk, H., Therkildsen, N. O. & Withler, R. E. (2017). Harnessing the power of genomics to 
secure the future of seafood. Trends in Ecology & Evolution 32, 665-680. 
Block, B. A., Booth, D. & Carey, F. G. (1992). Direct measurement of swimming speeds and depth of 
blue marlin. Journal of Experimental Biology 166, 267-284. 
Block, B. A., Jonsen, I. D., Jorgensen, S. J., Winship, A. J., Shaffer, S. A., Bograd, S. J., Hazen, E. L., 
Foley, D. G., Breed, G. A., Harrison, A. L., Ganong, J. E., Swithenbank, A., Castleton, M., 
Dewar, H., Mate, B. R., Shillinger, G. L., Schaefer, K. M., Benson, S. R., Weise, M. J., Henry, 
R. W. & Costa, D. P. (2011). Tracking apex marine predator movements in a dynamic ocean. 
Nature  475, 86. 
Blower, D. C., Hereward, J. P. & Ovenden, J. R. (2013). The complete mitochondrial genome of the 
dusky shark Carcharhinus obscurus. Mitochondrial DNA 24, 619-621. 
Bone, Q. & Moore, R. (2008). Biology of fishes: Taylor & Francis. 
 106 
 
Branch, T. A., Jensen, O. P., Ricard, D., Ye, Y. & Hilborn, R. (2011). Contrasting global trends in 
marine fishery status obtained from catches and from stock assessments. Conservation Biology 
25, 777-786. 
Braun, C. D., Kaplan, M. B., Horodysky, A. Z. & Llopiz, J. K. (2015). Satellite telemetry reveals 
physical processes driving billfish behavior. Animal Biotelemetry 3, 2. 
Brenden, T., Hallerman, E. & Murphy, B. (2006). Sectioned pelvic fin ray ageing of muskellunge Esox 
masquinongy from a Virginia river: comparisons among readers, with cleithrum estimates, and 
with tag–recapture growth data. Fisheries Management and Ecology 13, 31-37. 
Brill, R. W. (1994). A review of temperature and oxygen tolerance studies of tunas pertinent to 
fisheries oceanography, movement models and stock assessments. Fisheries Oceanography 3, 
204-216. 
Brill, R. W., Holts, D., Chang, R., Sullivan, S., Dewar, H. & Carey, F. (1993). Vertical and horizontal 
movements of striped marlin (Tetrapturus audax) near the Hawaiian Islands, determined by 
ultrasonic telemetry, with simultaneous measurement of oceanic currents. Marine Biology 117, 
567-574. 
Brill, R. W., Lowe, T. E. & Cousins, K. L. (1998). How water temperature really limits the vertical 
movements of tunas and billfishes-it’s the heart stupid. In International Congress on Biology 
of Fish. American Fisheries Society, Towson University, 1-4. 
Buckworth, R., Ovenden, J., Broderick, D., Macbeth, G., McPherson, G. & Phelan, M. (2012). 
GENETAG: Genetic mark-recapture for real-time harvest rate monitoring: Pilot studies in 
Northern Australia Spanish Mackerel fisheries. Northern Territory Government, Australia 
(Fishery Report No 107). 
Buonaccorsi, V. P., Reece, K. S., Morgan, L. W. & Graves, J. E. (1999). Geographic distribution of 
molecular variance within the blue marlin (Makaira nigricans): A hierarchical analysis of 
allozyme, single-copy nuclear DNA, and mitochondrial DNA markers. Evolution 53, 568-579. 
Cadrin, S. X., Kerr, L. A. & Mariani, S. (2013). Stock identification methods: Applications in fishery 
science. Academic Press. 
 107 
 
Campbell, R., D., McB Williams, Ward, P. & Pepperell, J. G. (1996). Synopsis on the billfish stocks 
and fisheries within the Eastern Australian Fishing Zone. Report to Eastern Tuna Management 
Advisory Committee, AFMA, Canberra, 95. 
Carey F.G. (1990) Further observations on the biology of the swordfish. In Planning the Future of 
Billfishes: National Coalition Marine Conservation (Savannah, Georgia), 103-122. 
Carey, F. G. & Gibson, Q. H. (1983). Heat and oxygen exchange in the rete mirabile of the bluefin 
tuna, Thunnus thynnus. Comparative Biochemistry and Physiology Part A: Physiology 74, 333-
342. 
Carey, F. G., Teal, J. M., Kanwisher, J. W., Lawson, K. D. & Beckett, J. S. (1971). Warm-bodied fish. 
American Zoologist 11, 137-143. 
Carlisle, A. B., Kochevar, R. E., Arostegui, M. C., Ganong, J. E., Castleton, M., Schratwieser, J. & 
Block, B. A. (2017). Influence of temperature and oxygen on the distribution of blue marlin 
(Makaira nigricans) in the Central Pacific. Fisheries Oceanography 26, 34-48. 
Carlsson, J., McDowell, J. R., Carlsson, J. E. L. & Graves, J. E. (2007). Genetic identity of YOY 
bluefin tuna from the eastern and Western Atlantic spawning areas. Journal of Heredity 98, 23-
28. 
Chiang, W.-C., Musyl, M. K., Sun, C.-L., DiNardo, G., Hung, H.-M., Lin, H.-C., Chen, S.-C., Yeh, 
S.-Z., Chen, W.-Y. & Kuo, C.-L. (2015). Seasonal movements and diving behaviour of black 
marlin (Istiompax indica) in the northwestern Pacific Ocean. Fisheries Research 166, 92-102. 
Chin, A. (2014). Hunting porcupines: citizen scientists contribute new knowledge about rare coral reef 
species. Pacific Conservation Biology 20, 48-53. 
Collette, B., Acero, A., Canales Ramirez, C., Carpenter, K. E., Di Natale, A., Fox, W., Miyabe, N., 
Montano Cruz, R., Nelson, R., Schaefer, K., Serra, R., Sun, C., Uozumi, Y. & Yanez, E. 
(2011a). Istiompax indica In: IUCN Red List of Threatened Species. Version 2013.2. 
Collette, B. B., Carpenter, K. E., Polidoro, B. A., Juan-Jordá, M. J., Boustany, A., Die, D. J., Elfes, C., 
Fox, W., Graves, J., Harrison, L. R., McManus, R., Minte-Vera, C. V., Nelson, R., Restrepo, 
V., Schratwieser, J., Sun, C.-L., Amorim, A., Brick Peres, M., Canales, C., Cardenas, G., 
Chang, S.-K., Chiang, W.-C., de Oliveira Leite, N., Harwell, H., Lessa, R., Fredou, F. L., 
Oxenford, H. A., Serra, R., Shao, K.-T., Sumaila, R., Wang, S.-P., Watson, R. & Yáñez, E. 
 108 
 
(2011b). High Value and Long Life—Double Jeopardy for Tunas and Billfishes. Science 333, 
291-292. 
Collette, B. B., McDowell, J. R. & Graves, J. E. (2006). Phylogeny of recent billfishes (Xiphioidei). 
Bulletin of Marine Science 79, 455-468. 
Conrad, C. C. & Hilchey, K. G. (2011). A review of citizen science and community-based 
environmental monitoring: issues and opportunities. Environmental Monitoring and 
Assessment 176, 273-291. 
Cooke, S. J., Hinch, S. G., Farrell, A. P., Patterson, D. A., Miller-Saunders, K., Welch, D. W., 
Donaldson, M. R., Hanson, K. C., Crossin, G. T., Mathes, M. T., Lotto, A. G., Hruska, K. A., 
Olsson, I. C., Wagner, G. N., Thomson, R., Hourston, R., English, K. K., Larsson, S., 
Shrimpton, J. M. & Van der Kraak, G. (2008). Developing a mechanistic understanding of fish 
migrations by linking telemetry with physiology, behavior, genomics and experimental 
biology: An interdisciplinary case study on adult Fraser River sockeye salmon. Fisheries 33, 
321-339. 
Crawshaw, L. (1977). Physiological and behavioral reactions of fishes to temperature change. Journal 
of the Fisheries Board of Canada 34, 730-734. 
Cullis-Suzuki, S. & Pauly, D. (2010). Failing the high seas: a global evaluation of regional fisheries 
management organizations. Marine Policy 34, 1036-1042. 
Cyr, E., Dean, J., Jehangeer, I. & Nallee, M. (1990). Age, growth and reproduction of blue marlin and 
black marlin from the Indian Ocean. National Coalition for Marine Conservation (Savannah, 
GA). 
Dalzell, P. & Boggs, C. H. (2003). Pelagic fisheries catching blue and striped marlins in the US 
Western Pacific islands. Marine and Freshwater Research 54, 419-424. 
Danylchuk, A. J., Cooke, S. J., Suski, C. D., Goldberg, T. L., Peterson, D. & Danylchuk, S. E. (2011). 
Involving recreational anglers in developing best handling practices for catch-and-release 
fishing of bonefish: using citizen science to further stewardship. TD Beard, Jr., R. Arlinghaus, 
and SG Sutton, editors. The angler in the environment: social, economic, biological, and ethical 
dimensions. In Proceedings of the fifth world recreational fishing conference. American 
Fisheries Society (MD, USA). 
 109 
 
Daxboeck, C. & Davie, P. S. (1986). Physiological investigations of marlin. In Fish Physiology: Recent 
Advances, 50-70. 
De Sylva, D. P. & Breder, P. R. (1997). Reproduction, gonad histology, and spawning cycles of north 
Atlantic billfishes (Istiophoridae). Bulletin of Marine Science 60, 668-697. 
Derrick, B., Noranarttragoon, P., Zeller, D., Teh, L. C. L. & Pauly, D. (2017). Thailand's missing 
marine fisheries catch (1950–2014). Frontiers in Marine Science 4, 402 
Devictor, V., Whittaker, R. J. & Beltrame, C. (2010). Beyond scarcity: citizen science programmes as 
useful tools for conservation biogeography. Diversity and Distributions 16, 354-362. 
Ditton, R. B., Holland, S. M. & Anderson, D. K. (2002). Recreational fishing as tourism. Fisheries 27, 
17-24. 
Ditton, R. B. & Stoll, J. R. (2003). Social and economic perspective on recreational billfish fisheries. 
Marine and Freshwater Research 54, 545-554. 
Domeier, M. L. & Speare, P. (2012). Dispersal of adult black marlin (Istiompax indica) from a Great 
Barrier Reef spawning aggregation. PLoS ONE 7, e31629. 
DPI, N. (2015). NSW DPI Game Fish Tagging Program 2013/2014. 
Duchêne, S., Archer, F. I., Vilstrup, J., Caballero, S. & Morin, P. A. (2011). Mitogenome 
phylogenetics: the impact of using single regions and partitioning schemes on topology, 
substitution rate and divergence time estimation. PLoS ONE 6, e27138. 
Dudgeon, C. L., Blower, D. C., Broderick, D., Giles, J. L., Holmes, B. J., Kashiwagi, T., Krück, N. C., 
Morgan, J. A. T., Tillett, B. J. & Ovenden, J. R. (2012). A review of the application of 
molecular genetics for fisheries management and conservation of sharks and rays. Journal of 
Fish Biology 80, 1789-1843. 
Dunning, M. C. (1998). A review of the systematics, distribution, and biology of arrow squids genera 
Ommastrephes Orbigny, 1835, Sthenoteuthis Verrill, 1880, and Ornithoteuthis Okada, 1927 
(Cephalopoda: Ommastrephidae). Smithsonian Contributions to Zoology 2, 393-404. 
Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy and high throughput. 
Nucleic Acids Research 32, 1792-1797. 
 110 
 
Eschmeyer, W. & Fong, J. (2012). Species of Fishes by family/subfamily. On-line version dated, 23 
October 2012. 
Evanno, G., Regnaut, S. & Goudet, J. (2005). Detecting the number of clusters of individuals using 
the software structure: a simulation study. Molecular Ecology 14, 2611-2620. 
Excoffier, L., Laval, G. & Schneider, S. (2005). Arlequin (version 3.0): an integrated software package 
for population genetics data analysis. Evolutionary Bioinformatics Online 1, 47–50. 
Fairclough, D., Brown, J., Carlish, B., Crisafulli, B. & Keay, I. (2014). Breathing life into fisheries 
stock assessments with citizen science. Scientific Reports 4, 1-10. 
FAO (2012). The state of world fisheries and aquaculture. Fisheries and Agricultural Organisation of 
the United Nation (Rome), 53-62. 
Feutry, P., Berry, O., Kyne, P. M., Pillans, R. D., Hillary, R. M., Grewe, P. M., Marthick, J. R., 
Johnson, G., Gunasekera, R. M. & Bax, N. J. (2017). Inferring contemporary and historical 
genetic connectivity from juveniles. Molecular Ecology 26, 444-456. 
Fritsches, K. A., Marshall, N. J. & Warrant, E. J. (2003). Retinal specializations in the blue marlin: 
eyes designed for sensitivity to low light levels. Marine and Freshwater Research 54, 333-341. 
Fritsches, K. A., Partridge, J. C., Pettigrew, J. D. & Marshall, N. J. (2000). Colour vision in billfish. 
Philosophical Transactions of the Royal Society of London B: Biological Sciences 355, 1253-
1256. 
Frusher, S. D., Hobday, A. J., Jennings, S. M., Creighton, C., D’Silva, D., Haward, M., Holbrook, N. 
J., Nursey-Bray, M., Pecl, G. T. & van Putten, E. I. (2014). The short history of research in a 
marine climate change hotspot: from anecdote to adaptation in south-east Australia. Reviews 
in Fish Biology and Fisheries 24, 593-611. 
Garcia-Vazquez, E., Machado-Schiaffino, G., Campo, D. & Juanes, F. (2012). Species 
misidentification in mixed hake fisheries may lead to overexploitation and population 
bottlenecks. Fisheries Research 114, 52-55. 
Gartside, D. F., Harrison, B. & Ryan, B. L. (1999). An evaluation of the use of fishing club records in 
the management of marine recreational fisheries. Fisheries Research 41, 47-61. 
 111 
 
Gentner, B. (2016). The value of billfish resources to both commercial and recreational sectors in the 
Caribbean. Fisheries and Agricultural Organisation of the United Nation (Bridgetown, 
Barbados), 1- 34. 
Gilman, E. L., Allain, V., Collette, B. & Lehodey, P. (2016). Effects of ocean warming on pelagic 
tunas, a review. In Explaining Ocean Warming: Causes, Scale, Effects and Consequences. 
(Laffole, D., Baxter, J. Eds.), 254-270. 
Gledhill, D. C., Hobday, A. J., Welch, D. J., Sutton, S. G., Lansdell, M. J., Koopman, M., Jeloudev, 
A., Smith, A. & Last, P. R. (2014). Collaborative approaches to accessing and utilising 
historical citizen science data: a case-study with spearfishers from eastern Australia. Marine 
and Freshwater Research 66, 195-201. 
Goldstein, P. Z. & DeSalle, R. (2011). Integrating DNA barcode data and taxonomic practice: 
determination, discovery, and description. Bioessays 33, 135-147. 
Goodyear, C. P., Luo, J., Prince, E. D., Hoolihan, J. P., Snodgrass, D., Orbesen, E. S. & Serafy, J. E. 
(2008). Vertical habitat use of Atlantic blue marlin Makaira nigricans: interaction with pelagic 
longline gear. Marine Ecology Progress Series 365, 233-245. 
Granek, E., Madin, E., Brown, M., Figueira, W., Cameron, D., Hogan, Z., Kristianson, G., De Villiers, 
P., Williams, J. & Post, J. (2008). Engaging recreational fishers in management and 
conservation: global case studies. Conservation Biology 22, 1125-1134. 
Graves, J. E. & McDowell, J. R. (1995). Inter-ocean genetic divergence of istiophorid billfishes. 
Marine Biology 122, 193-203. 
Graves, J. E. & McDowell, J. R. (2003). Stock structure of the world's istiophorid billfishes: a genetic 
perspective. Marine and Freshwater Research 54, 287-298. 
Graves, J. E. & McDowell, J. R. (2015). Population structure of istiophorid billfishes. Fisheries 
Research 166, 21-28. 
Grewe, P., Feutry, P., Hill, P., Gunasekera, R., Schaefer, K., Itano, D., Fuller, D., Foster, S. & Davies, 
C. (2015). Evidence of discrete yellowfin tuna (Thunnus albacares) populations demands 
rethink of management for this globally important resource. Scientific Reports 5, 1-9. 
 112 
 
Gunn, J. S., Patterson, T. A. & Pepperell, J. G. (2003). Short-term movement and behaviour of black 
marlin Makaira indica in the Coral Sea as determined through a pop-up satellite archival 
tagging experiment. Marine and Freshwater Research 54, 515-525. 
Hammerschlag, N. & Sulikowski, J. (2011). Killing for conservation: the need for alternatives to lethal 
sampling of apex predatory sharks. Endangered Species Research 14, 135-140. 
Hanner, R., Floyd, R., Bernard, A., Collette, B. B. & Shivji, M. (2011). DNA barcoding of billfishes. 
Mitochondrial DNA 22 (Suppl 1), 27-36. 
Helfman, G., Collette, B. B., Facey, D. E. & Bowen, B. W. (2009). The diversity of fishes: biology, 
evolution, and ecology: John Wiley & Sons. 
Heupel, M. & Simpfendorfer, C. (2010). Science or slaughter: need for lethal sampling of sharks. 
Conservation Biology 24, 1212-1218. 
Hill, N. J., Tobin, A. J., Reside, A. E., Pepperell, J. G. & Bridge, T. C. (2016). Dynamic habitat 
suitability modelling reveals rapid poleward distribution shift in a mobile apex predator. Global 
Change Biology 22, 1086-1096. 
Holland, K. N. (2003). A perspective on billfish biological research and recommendations for the 
future. Marine and Freshwater Research 54, 343-347. 
Holmes, B., Peddemors, V., Gutteridge, A., Geraghty, P., Chan, R., Tibbetts, I. & Bennett, M. (2015). 
Age and growth of the tiger shark Galeocerdo cuvier off the east coast of Australia. Journal of 
Fish Biology 87, 422-448. 
Holmes, B. J., Pepperell, J. G., Griffiths, S. P., Jaine, F. R., Tibbetts, I. R. & Bennett, M. B. (2014). 
Tiger shark (Galeocerdo cuvier) movement patterns and habitat use determined by satellite 
tagging in eastern Australian waters. Marine Biology 161, 2645-2658. 
Hoolihan, J. P., Luo, J., Goodyear, C., Orbesen, E. S. & Prince, E. D. (2011). Vertical habitat use of 
sailfish (Istiophorus platypterus) in the Atlantic and eastern Pacific, derived from pop‐up 
satellite archival tag data. Fisheries Oceanography 20, 192-205. 
Hoolihan, J. P., Wilson, N. G., Faugue, R. M., Bernard, A., Horn, R. L., Snodgrass, D., & Schultz, D. 
R. (2009). Surface mucous as a source of genomic DNA from Atlantic billfishes (Istiophoridae) 
and swordfish (Xiphiidae). Fishery Bulletin 107, 339. 
 113 
 
Horodysky, A. Z., Cooke, S. J., Graves, J. E. & Brill, R. W. (2016). Fisheries conservation on the high 
seas: linking conservation physiology and fisheries ecology for the management of large 
pelagic fishes. Conservation Physiology 4, cov059. 
Horodysky, A. Z., Kerstetter, D. W., Latour, R. J. & Graves, J. E. (2007). Habitat utilization and 
vertical movements of white marlin (Tetrapturus albidus) released from commercial and 
recreational fishing gears in the western North Atlantic Ocean: inferences from short duration 
pop‐up archival satellite tags. Fisheries Oceanography 16, 240-256. 
Howell, N., Smejkal, C. B., Mackey, D. A., Chinnery, P. F., Turnbull, D. M. & Herrnstadt, C. (2003). 
The pedigree rate of sequence divergence in the human mitochondrial genome: there is a 
difference between phylogenetic and pedigree rates. The American Journal of Human Genetics 
72, 659-670. 
Hubisz, M. J., Falush, D., Stephens, M. & Pritchard, J. K. (2009). Inferring weak population structure 
with the assistance of sample group information. Molecular Ecology Resources 9, 1322-1332. 
ICCAT (2011). Report of the 2011 blue marlin stock assessment and white marlin data preparatory 
meeting (Madrid, Spain). 
Institute Inc, S. (2008). SAS/STAT® 9.2. User’s Guide. SAS Institute Inc Cary, NC. 
Iosilevskii, G. & Weihs, D. (2008). Speed limits on swimming of fishes and cetaceans. Journal of The 
Royal Society Interface 5, 329-338. 
IOTC (2014). Status of the Indian Ocean black marlin (BLM: Makaira indica) resource.   
IOTC (2016a). Report of the 14th session of the IOTC working party on billfish. (Victoria, Seychelles), 
IOTC–2016–WPB14–R[E]. 
IOTC (2016b). Status of the Indian Ocean black marlin (BLM: Makaira indica)  
IOTC (2016c). Status of the Indian Ocean blue marlin (BUM: Makaira nigricans)  
ISC (2016). Stock Assessment Update for Blue Marlin (Makaira nigricans) in the Pacific Ocean. 
(Fukuoka, Japan).  
Iwasaki, W., Fukunaga, T., Isagozawa, R., Yamada, K., Maeda, Y., Satoh, T. P., Sado, T., Mabuchi, 
K., Takeshima, H. & Miya, M. (2013). MitoFish and MitoAnnotator: A mitochondrial genome 
 114 
 
database of fish with an accurate and automatic annotation pipeline. Molecular Biology & 
Evolution 30, 2531-2540. 
Jacquet, J. L. & Pauly, D. (2008). Trade secrets: renaming and mislabeling of seafood. Marine Policy 
32, 309-318. 
Jardine, T. D., Hunt, R. J., Pusey, B. J. & Bunn, S. E. (2011). A non-lethal sampling method for stable 
carbon and nitrogen isotope studies of tropical fishes. Marine and Freshwater Research 62, 
83-90. 
Johnson G. J., Buckworth R. C., Lee H. J., Morgan J. A. T., Ovenden J. R., McMahon C. R. (2017) A 
novel field method to distinguish between cryptic carcharhinid sharks, Australian Blacktip 
Shark Carcharhinus tilstoni and Common Blacktip Shark C. limbatus, despite the presence of 
hybrids. Journal of Fish Biology 90, 39-60. 
Jombart, T. & Ahmed, I. (2011). Adegenet 1.3-1: new tools for the analysis of genome-wide SNP data. 
Bioinformatics 27, 3070-3071. 
Jombart, T., Devillard, S. & Balloux, F. (2010). Discriminant analysis of principal components: a new 
method for the analysis of genetically structured populations. BMC genetics 11, 94. 
Jonsen, I., Basson, M., Bestley, S., Bravington, M., Patterson, T., Pedersen, M. W., Thomson, R., 
Thygesen, U. H. & Wotherspoon, S. (2013). State-space models for bio-loggers: A 
methodological road map. Deep Sea Research Part II: Topical Studies in Oceanography 88, 
34-46. 
Juan-Jordá, M. J., Mosqueira, I., Cooper, A. B., Freire, J. & Dulvy, N. K. (2011). Global population 
trajectories of tunas and their relatives. Proceedings of the National Academy of Sciences 108, 
20650-20655. 
Kalinin, A., Costa, M., Rantin, F. & Glass, M. (2009). Effects of Temperature on cardiac function in 
teleost fish. In Cardio-respiratory Control in Vertebrates, 121-160. 
Kaplan, D. M., Chassot, E., Amandé, J. M., Dueri, S., Demarcq, H., Dagorn, L. & Fonteneau, A. 
(2014). Spatial management of Indian Ocean tropical tuna fisheries: potential and perspectives. 
ICES Journal of Marine Science 71, 1728-1749. 
Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., Buxton, S., Cooper, A., 
Markowitz, S. & Duran, C. (2012). Geneious basic: an integrated and extendable desktop 
 115 
 
software platform for the organization and analysis of sequence data. Bioinformatics 28, 1647-
1649. 
Kisia, S. M. (2016). Vertebrates: structures and functions: CRC Press, 8-45. 
Kitchell, J. F., Kaplan, I. C., Cox, S. P., Martell, S. J., Essington, T. E., Boggs, C. H. & Walters, C. J. 
(2004). Ecological and economic components of alternative fishing methods to reduce by-catch 
of marlin in a tropical pelagic ecosystem. Bulletin of Marine Science 74, 607-619. 
Kopf, R. K., Davie, P. S., Bromhead, D. & Pepperell, J. G. (2011). Age and growth of striped marlin 
(Kajikia audax) in the Southwest Pacific Ocean. ICES Journal of Marine Science 68, 1884-
1895. 
Krück, N. C., Innes, D. I. & Ovenden, J. R. (2013). New SNPs for population genetic analysis reveal 
possible cryptic speciation of eastern Australian sea mullet (Mugil cephalus). Molecular 
Ecology Resources 13, 715-725. 
Kumar, S., Stecher, G. & Tamura, K. (2016). MEGA7: Molecular evolutionary genetics analysis 
version 7.0 for bigger datasets. Molecular Biology & Evolultion, msw054. 
Laconcha, U., Iriondo, M., Arrizabalaga, H., Manzano, C., Markaide, P., Montes, I., Zarraonaindia, I., 
Velado, I., Bilbao, E. & Goñi, N. (2015). New nuclear SNP markers unravel the genetic 
structure and effective population size of albacore tuna (Thunnus alalunga). PLoS ONE 10, 
e0128247. 
Lake, J., Ryba, S., Serbst, J. & Libby, A. (2006). Mercury in fish scales as an assessment method for 
predicting muscle tissue mercury concentrations in largemouth bass. Archives of 
Environmental Contamination and Toxicology 50, 539-544. 
Lam, C. H., Galuardi, B., Mendillo, A., Chandler, E. & Lutcavage, M. E. (2016). Sailfish migrations 
connect productive coastal areas in the West Atlantic Ocean. Scientific Reports 6, 38163. 
Lam, C. H., Kiefer, D. A. & Domeier, M. L. (2015). Habitat characterization for striped marlin in the 
Pacific Ocean. Fisheries Research 166, 80-91. 
Lea, J. S. E., Wetherbee, B. M., Queiroz, N., Burnie, N., Aming, C., Sousa, L. L., Mucientes, G. R., 
Humphries, N. E., Harvey, G. M., Sims, D. W. & Shivji, M. S. (2015). Repeated, long-distance 
migrations by a philopatric predator targeting highly contrasting ecosystems. Scientific Reports  
5, 11202. 
 116 
 
Lee, H.-H., Piner, K. R., Humphreys, R. & Brodziak, J. (2013). Stock assessment of striped marlin in 
the western and central North Pacific Ocean. International Scientific Committee for Tuna and 
Tuna-like Species in the North Pacific Ocean Report, 1-116. 
Leis, J., Goldman, B. & Ueyanagi, S. (1987). Distribution and abundance of billfish larvae (Pisces: 
Istiophoridae) in the Great Barrier Reef Lagoon and Coral Sea near Lizard Island, Australia. 
Fishery Bulletin 85, 757-765. 
Lennox, R. J., Cooke, S. J., Cowley, P. D., Deng, Z. D., Fisk, A. T., Harcourt, R. G., Heupel, M., 
Hinch, S. G., Holland, K. N. & Hussey, N. E. (2017). Corrigendum: Envisioning the future of 
aquatic animal tracking: technology, science, and application. BioScience 67, 884-896. 
Lewis, A. J. (2009). Mixed effects models and Extensions in Ecology with R. Springer (Berlin, 
Germany). 
Lu, C.-P., Smith, B. L., Hinton, M. G. & Bremer, J. R. A. (2016). Bayesian analyses of Pacific 
swordfish (Xiphias gladius L.) genetic differentiation using multilocus single nucleotide 
polymorphism (SNP) data. Journal of Experimental Marine Biology and Ecology 482, 1-17. 
Luo, J., Ault, J. S., Shay, L. K., Hoolihan, J. P., Prince, E. D., Brown, C. A. & Rooker, J. R. (2015). 
Ocean heat content reveals secrets of fish migrations. PLoS ONE 10, e0141101. 
Maguire, J.-J. (2006). The state of world highly migratory, straddling and other high seas fishery 
resources and associated species: Food & Agriculture Organisation of the United Nations 
(Rome). 
Majkowski, J. (2007). Global fishery resources of tuna and tuna-like species: Food & Agriculture 
Organisation of the United Nations (Rome). 
Matley, J., Tobin, A., Lédée, E., Heupel, M. & Simpfendorfer, C. (2016). Contrasting patterns of 
vertical and horizontal space use of two exploited and sympatric coral reef fish. Marine Biology 
163, 253. 
Miller, K. A. (2007). Climate variability and tropical tuna: management challenges for highly 
migratory fish stocks. Marine Policy 31, 56-70. 
Musyl, M. K., Brill, R. W., Boggs, C. H., Curran, D. S., Kazama, T. K., & Seki, M. P. (2003). Vertical 
movements of bigeye tuna (Thunnus obesus) associated with islands, buoys, and seamounts 
 117 
 
near the main Hawaiian Islands from archival tagging data. Fisheries Oceanography 12, 152-
169. 
Muths, D., Le Couls, S., Evano, H., Grewe, P. & Bourjea, J. (2013). Multi-genetic marker approach 
and spatio-temporal analysis suggest tere Is a single panmictic population of swordfish Xiphias 
gladius in the Indian Ocean. PLoS ONE 8, e63558. 
Nakamura, H. (1942). On the ecology of the istiophorid fishes of Taiwan waters. Suisan Gakkai Ho 9, 
45-51. 
Nakamura, I. (1975). Synopsis of the biology of the black marlin, Makaira indica (Cuvier), 1831. In 
Proceedings of the International Billfish Symposium, Kailua-Kona, Hawaii, US, pp. 9-12. 
Nakamura, I. (1985). FAO species catalogue. v. 5: Billfishes of the world. An annotated and illustrated 
catalogue of marlins, sailfishes, spearfishes and swordfishes known to date: Food & 
Agricultural Organisation of the United Nations (Rome). 
Ortiz, M., Prince, E. D., Serafy, J. E., Holts, D. B., Davy, K. B., Pepperell, J. G., Lowry, M. B. & 
Holdsworth, J. C. (2003). Global overview of the major constituent-based billfish tagging 
programs and their results since 1954. Marine and Freshwater Research 54, 489-507. 
Ovenden, J. R., Berry, O., Welch, D. J., Buckworth, R. C. & Dichmont, C. M. (2015). Ocean's eleven: 
a critical evaluation of the role of population, evolutionary and molecular genetics in the 
management of wild fisheries. Fish and Fisheries 16, 125-159. 
Paradis, E., Claude, J. & Strimmer, K. (2004). APE: analyses of phylogenetics and evolution in R 
language. Bioinformatics 20, 289-290. 
Parsons, J., Lukyanenko, R. & Wiersma, Y. (2011). Easier citizen science is better. Nature 471, 37-
37. 
Pauly, D., Christensen, V., Guenette, S., Pitcher, T. J., Sumaila, U. R., Walters, C. J., Watson, R. & 
Zeller, D. (2002). Towards sustainability in world fisheries. Nature 418, 689-695. 
Peakall, R. & Smouse, P. E. (2012). GenAlEx 6.5: genetic analysis in Excel. Population genetic 
software for teaching and research—an update. Bioinformatics 28, 2537-2539. 
Penrith, M. & Cram, D. (1972). The Cape of Good Hope: a hidden barrier to billfishes. In Proceedings 
of the International Billfish Symposium Kailua–Kona, Hawaii, pp. 9-12. 
 118 
 
Pepperell, J. G. (1990). Movements and variations in early year-class strength of black marlin 
(Makaira indica) off eastern Australia. In R. H. Stroud (editor), Proceedings of the second 
International Billfish Symposium, Kailua-Kona, Hawaii, August 1-5, 1988. Part 2: Contributed 
Papers, 51-66. 
Pepperell, J. G. (2013). NSW DPI Game fish tagging program report 2012-2013. 
Pepperell, J. G. & Davis, T. L. O. (1999). Post-release behaviour of black marlin, Makaira indica, 
caught off the Great Barrier Reef with sportfishing gear. Marine Biology 135, 369-380. 
Pepperell, J. G. & Grewe, P. M. (1998). A field guide to the Indo-Pacific billfishes. CSIRO 2, 1-16. 
Pepperell, J. G. & Harvey, G. (2010). Fishes of the open ocean. University of Chicago Press (Illinois). 
Piraino, M. N. & Taylor, D. L. (2013). Assessment of nonlethal methods for predicting muscle tissue 
mercury concentrations in coastal marine fishes. Archives of Environmental Contamination 
and Toxicology 65, 715-723. 
Piry, S., Alapetite, A., Cornuet, J.-M., Paetkau, D., Baudouin, L. & Estoup, A. (2004). GENECLASS2: 
a software for genetic assignment and first-generation migrant detection. Journal of Heredity 
95, 536-539. 
Poloczanska, E. S., Burrows, M. T., Brown, C. J., García Molinos, J., Halpern, B. S., Hoegh-Guldberg, 
O., Kappel, C. V., Moore, P. J., Richardson, A. J., Schoeman, D. S. & Sydeman, W. J. (2016). 
Responses of marine organisms to climate change across oceans. Frontiers in Marine Science 
3, 62. 
Polovina, J. J., Hawn, D. & Abecassis, M. (2008). Vertical movement and habitat of opah (Lampris 
guttatus) in the central North Pacific recorded with pop-up archival tags. Marine Biology 153, 
257-267. 
Pons, M., Branch, T. A., Melnychuk, M. C., Jensen, O. P., Brodziak, J., Fromentin, J. M., Harley, S. 
J., Haynie, A. C., Kell, L. T. & Maunder, M. N. (2016). Effects of biological, economic and 
management factors on tuna and billfish stock status. Fish and Fisheries 18, 1-21. 
Pons, M., Melnychuk, M. C. & Hilborn, R. (2017). Management effectiveness of large pelagic fisheries 
in the high seas. Fish and Fisheries. 
 119 
 
Prince, E. D., Luo, J., Phillip Goodyear, C., Hoolihan, J. P., Snodgrass, D., Orbesen, E. S., Serafy, J. 
E., Ortiz, M. & Schirripa, M. J. (2010). Ocean scale hypoxia‐based habitat compression of 
Atlantic istiophorid billfishes. Fisheries Oceanography 19, 448-462. 
Puncher, G.N., Cariani, A., Maes, G.E., Van Houdt, J., Herten, K., Cannas, R., Rodriguez‐Ezpeleta, 
N., Albaina, A., Estonba, A., Lutcavage, M. & Hanke, A., (2018). Spatial dynamics and mixing 
of bluefin tuna in the Atlantic Ocean and Mediterranean Sea revealed using next‐generation 
sequencing. Molecular Ecology Resources 18, 620-638. 
Rannala, B. & Mountain, J. L. (1997). Detecting immigration by using multilocus genotypes. 
Proceedings of the National Academy of Sciences 94, 9197-9201. 
Romanov, E. V. (2016). A preliminary summary of billfish tagging in the Indian Ocean. Indian Ocean 
Tuna Comission Working Party on Billfish (Victoria, Seychelles), IOTC–2016–WPB14–
INF01. 
Ronquist, F. & Huelsenbeck, J. P. (2003). MrBayes 3: Bayesian phylogenetic inference under mixed 
models. Bioinformatics 19, 1572-1574. 
Rooker, J. R., Arrizabalaga, H., Fraile, I., Secor, D. H., Dettman, D. L., Abid, N., Addis, P., Deguara, 
S., Karakulak, F. S. & Kimoto, A. (2014). Crossing the line: migratory and homing behaviors 
of Atlantic bluefin tuna. Marine Ecology Progress Series 504, 265-276. 
Rotman, D., Preece, J., Hammock, J., Procita, K., Hansen, D., Parr, C., Lewis, D. & Jacobs, D. (2012). 
Dynamic changes in motivation in collaborative citizen-science projects. In Proceedings of the 
Association for Computer Machinery: 2012 Conference on Computer Supported Cooperative 
Work, 217-226. 
Rousset, F. (2008). Genepop’007: a complete re‐implementation of the genepop software for Windows 
and Linux. Molecular Ecology Resources 8, 103-106. 
Ryman, N. & Palm, S. (2006). POWSIM: a computer program for assessing statistical power when 
testing for genetic differentiation. Molecular Ecology Notes 6, 600-602. 
Santini, F. & Sorenson, L. (2013). First molecular timetree of billfishes (Istiophoriformes: 
Acanthomorpha) shows a Late Miocene radiation of marlins and allies. Italian Journal of 
Zoology 80, 481-489. 
 120 
 
Santos, C. C., & Coelho, R. (2018). Migrations and habitat use of the smooth hammerhead shark 
(Sphyrna zygaena) in the Atlantic Ocean. PLoS ONE 13, e0198664. 
Schaefer, K. M., Fuller, D. W. & Aldana, G. (2014). Movements, behavior, and habitat utilization of 
yellowfin tuna (Thunnus albacares) in waters surrounding the Revillagigedo Islands 
Archipelago Biosphere Reserve, Mexico. Fisheries Oceanography 23, 65-82. 
Schaefer, K. M., Fuller, D. W. & Block, B. A. (2009). Vertical movements and habitat utilization of 
skipjack (Katsuwonus pelamis), yellowfin (Thunnus albacares), and bigeye (Thunnus obesus) 
tunas in the equatorial eastern Pacific Ocean, ascertained through archival tag data. In Tagging 
and Tracking of Marine Animals with Electronic Devices: Springer, 121-144. 
Schaefer, K. M., Fuller, D. W. & Block, B. A. (2011). Movements, behavior, and habitat utilization of 
yellowfin tuna (Thunnus albacares) in the Pacific Ocean off Baja California, Mexico, 
determined from archival tag data analyses, including unscented Kalman filtering. Fisheries 
Research 112, 22-37. 
Schmidtko, S., Stramma, L. & Visbeck, M. (2017). Decline in global oceanic oxygen content during 
the past five decades. Nature 542, 335-339. 
Schultz, A. J., Cristescu, R. H., Littleford‐Colquhoun, B. L., Jaccoud, D., & Frère, C. H. (2018). Fresh 
is best: Accurate SNP genotyping from koala scats. Ecology & Evolution 8, 3139-3151. 
Schwartz, M. K., Luikart, G. & Waples, R. S. (2007). Genetic monitoring as a promising tool for 
conservation and management. Trends in Ecology & Evolution 22, 25-33. 
Serafy, J. E., Kerstetter, D. W. & Rice, P. H. (2009). Can circle hook use benefit billfishes? Fish and 
Fisheries 10, 132-142. 
Seutin, G., White, B. N. & Boag, P. T. (1991). Preservation of avian blood and tissue samples for DNA 
analyses. Canadian Journal of Zoology 69, 82-90. 
Sfakiotakis, M., Lane, D. M. & Davies, J. B. C. (1999). Review of fish swimming modes for aquatic 
locomotion. Oceanic Engineering, IEEE Journal of  Engineering 24, 237-252. 
Sharma, R., Pons, M., Martin, S., Kell, L., Walter, J., Lauretta, M. & Schirripa, M. (2017). Factors 
related to the decline and rebuilding of billfish stocks in the Atlantic and Indian oceans. ICES 
Journal of Marine Science, fsx081. 
 121 
 
Sharples, P. B., Brogan, D. & Williams, P. G. (2000). A preliminary summary of (i) species 
identification problems,(ii) discarding practices and (iii) the life status of billfish taken in 
longline fisheries of the western and central Pacific Ocean, according to information collected 
by observers and logbook data. Secretariat of the Pacific Community. Standing Committee on 
Tuna and Billfish (Noumea, New Caledonia). 
Shiels, H., Galli, G. & Block, B. (2015). Cardiac function in an endothermic fish: cellular mechanisms 
for overcoming acute thermal challenges during diving. Proceedings of the Royal Society of 
London B: Biological Sciences 282, 20141989. 
Shimose, T., Yokawa, K., Saito, H. & Tachihara, K. (2008). Seasonal occurrence and feeding habits 
of black marlin, Istiompax indica, around Yonaguni Island, southwestern Japan. Ichthyological 
Research 55, 90-94. 
Shivji, M. S., Magnussen, J. E., Beerkircher, L. R., Hinteregger, G., Lee, D. W., Serafy, J. E. & Prince, 
E. D. (2006). Validity, identification, and distribution of the roundscale spearfish, Tetrapturus 
georgii (Teleostei: Istiophoridae): Morphological and molecular evidence. Bulletin of Marine 
Science 79, 483-491. 
Silvertown, J. (2009). A new dawn for citizen science. Trends in Ecology & Evolution 24, 467-471. 
Simmons, M. P. & Miya, M. (2004). Efficiently resolving the basal clades of a phylogenetic tree using 
Bayesian and parsimony approaches: a case study using mitogenomic data from 100 higher 
teleost fishes. Molecular Phylogenetics and Evolution 31, 351-362. 
Sims, D.W., Southall, E.J., Humphries, N.E., Hays, G.C., Bradshaw, C.J., Pitchford, J.W., James, A., 
Ahmed, M.Z., Brierley, A.S., Hindell, M.A. & Morritt, D., (2008). Scaling laws of marine 
predator search behaviour. Nature 451, 1098. 
Sippel, T., Holdsworth, J., Dennis, T. & Montgomery, J. (2011). Investigating behaviour and 
population dynamics of striped marlin (Kajikia audax) from the southwest Pacific Ocean with 
satellite tags. PLoS ONE 6, e21087. 
Skillman, R. A. (1988). Status of Pacific billfish stocks. In Planning the Future of Billfishes: Research 
and Management in the 90s and Beyond. Proceedings of the Second International Billfish 
Symposium (Kailua-Kona, Hawaii), 179-195. 
 122 
 
Skomal, G. B., Braun, C. D., Chisholm, J. H., & Thorrold, S. R. (2017). Movements of the white shark 
Carcharodon carcharias in the North Atlantic Ocean. Marine Ecology Progress Series 580, 1-
16. 
Smith, B. L., Lu, C.-P., García-Cortés, B., Viñas, J., Yeh, S.-Y. & Bremer, J. R. A. (2015). Multilocus 
Bayesian estimates of intra-oceanic genetic differentiation, connectivity, and admixture in 
Atlantic swordfish (Xiphias gladius). PLoS ONE 10, e0127979. 
Solís‐Lemus, C., Knowles, L. L. & Ané, C. (2015). Bayesian species delimitation combining multiple 
genes and traits in a unified framework. Evolution 69, 492-507. 
Sorenson, M. & Franzosa, E. (2007). TreeRot computer program, version 3. Boston University 
(Boston, MA). 
Speare, P. (1994). Black marlin. Australian Institute of Marine Science, 1-14. 
Speare, P. (2003). Age and growth of black marlin, Makaira indica, in east coast Australian waters. 
Marine and Freshwater Research 54, 307-314. 
Squire Jr, J. L. & Nielsen, D. V. (1983). Results of a tagging program to determine migration rates and 
patterns for black marlin, Makaira indica, in the southwest Pacific Ocean. NOAA technical 
report NMFS SSRF-United States. National Marine Fisheries Service (USA), 772. 
Stamatakis, A. (2006). RAxML-VI-HPC: maximum likelihood-based phylogenetic analyses with 
thousands of taxa and mixed models. Bioinformatics 22, 2688-2690. 
Stramma, L., Prince, E. D., Schmidtko, S., Luo, J., Hoolihan, J. P., Visbeck, M., Wallace, D. W., 
Brandt, P. & Körtzinger, A. (2012). Expansion of oxygen minimum zones may reduce 
available habitat for tropical pelagic fishes. Nature Climate Change 2, 33-37. 
Sun, C.-L., Chang, H.-Y., Liu, T.-Y., Yeh, S.-Z. & Chang, Y.-J. (2015). Reproductive biology of the 
black marlin, Istiompax indica, off southwestern and eastern Taiwan. Fisheries Research 166, 
12-20. 
Sunnucks, P. & Hales, D. F. (1996). Numerous transposed sequences of mitochondrial cytochrome 
oxidase I-II in aphids of the genus Sitobion (Hemiptera: Aphididae). Molecular Biology & 
Evolution 13, 510-524. 
Swartz, W., Sala, E., Tracey, S., Watson, R. & Pauly, D. (2010). The spatial expansion and ecological 
footprint of fisheries (1950 to present). PLoS ONE 5, e15143. 
 123 
 
Swofford, D. L. (2003). PAUP*: phylogenetic analysis using parsimony, version 4.0. 
Takahashi, K., Ruangsivakul, N., Poreeyanon, D., Panniam, T., Pokapunt, W. & Somsatana, A. (1983). 
Distribution, size composition and sexual maturity of black marlin, Makaira indica Cuvier, 
caught by longline. Exploratory Survey on the Unutilized Population of Black Marlin in The 
Gulf of Thailand Part I. 
Team, R. C. (2014). The R project for statistical computing. Available at www. R-project. org/. 
Accessed October 31, 2014. 
Teo, S. L. & Block, B. A. (2010). Comparative influence of ocean conditions on yellowfin and Atlantic 
bluefin tuna catch from longlines in the Gulf of Mexico. PLoS ONE 5, e10756. 
Tillett, B. J., Field, I. C., Bradshaw, C. J., Johnson, G., Buckworth, R. C., Meekan, M. G. & Ovenden, 
J. R. (2012). Accuracy of species identification by fisheries observers in a North Australian 
shark fishery. Fisheries Research 127, 109-115. 
Toews, D. P. & Brelsford, A. (2012). The biogeography of mitochondrial and nuclear discordance in 
animals. Molecular Ecology 21, 3907-3930. 
Tota, B. (1983). Vascular and metabolic zonation in the ventricular myocardium of mammals and 
fishes. Comparative Biochemistry and Physiology Part A: Physiology 76, 423-437. 
Tracey, S. R., Hartmann, K., Leef, M., & McAllister, J. (2016). Capture-induced physiological stress 
and postrelease mortality for Southern bluefin tuna (Thunnus maccoyii) from a recreational 
fishery. Canadian Journal of Fisheries and Aquatic Sciences 73, 1547-1556. 
Tulloch, A. I., Possingham, H. P., Joseph, L. N., Szabo, J. & Martin, T. G. (2013). Realising the full 
potential of citizen science monitoring programs. Biological Conservation 165, 128-138. 
Ueyanagi, S. (1972). A review of the world commercial fisheries for billfishes. In Proceedings of the 
International Billfish Symposium (Kailua-Kona, Hawaii), 9-12. 
Varghese, S. P., Somvanshi, V. & Dalvi, R. S. (2014). Diet composition, feeding niche partitioning 
and trophic organisation of large pelagic predatory fishes in the eastern Arabian Sea. 
Hydrobiologia 736, 99-114. 
Videler, J. J. (2012). Fish swimming: Springer Science & Business Media. 
 124 
 
Vilstrup, J. T., Ho, S. Y., Foote, A. D., Morin, P. A., Kreb, D., Krützen, M., Parra, G. J., Robertson, 
K. M., de Stephanis, R. & Verborgh, P. (2011). Mitogenomic phylogenetic analyses of the 
Delphinidae with an emphasis on the Globicephalinae. BMC Evolutionary Biology 11, 65. 
Walsh, W. A., Ito, R. Y., Kawamoto, K. E., & McCracken, M. (2005). Analysis of logbook accuracy 
for blue marlin (Makaira nigricans) in the Hawaii-based longline fishery with a generalized 
additive model and commercial sales data. Fisheries Research 75, 175-192. 
Waples, R. (1998). Separating the wheat from the chaff: patterns of genetic differentiation in high gene 
flow species. Journal of Heredity 89, 438-450. 
Ward, R., Woodwark, M. & Skibinski, D. (1994). A comparison of genetic diversity levels in marine, 
freshwater, and anadromous fishes. Journal of Fish Biology 44, 213-232. 
Watson, R. & Pauly, D. (2001). Systematic distortions in world fisheries catch trends. Nature 414, 
534-536. 
Webb, P. W. (1982). Locomotor patterns in the evolution of actinopterygian fishes. American 
Zoologist 22, 329-342. 
Wegner, N. C., Sepulveda, C. A., Bull, K. B. & Graham, J. B. (2010). Gill morphometrics in relation 
to gas transfer and ram ventilation in high‐energy demand teleosts: Scombrids and billfishes. 
Journal of Morphology 271, 36-49. 
Wegner, N. C., Sepulveda, C. A. & Graham, J. B. (2006). Gill specializations in high-performance 
pelagic teleosts, with reference to striped marlin (Tetrapturus audax) and wahoo 
(Acanthocybilim solandri). Bulletin of Marine Science 79, 747-759. 
Williams, D. M. & Cappo, M. (1990). Life histories of clupeids in north-eastern Australia: preliminary 
data. Tuna baitfish in the Indo-Pacific region. Australian Centre for International Agricultural 
Research Proceedings, 70-74. 
Williams, S., Bennett, M., Pepperell, J., Morgan, J. & Ovenden, J. (2015a). Spatial genetic subdivision 
among populations of the highly-migratory species (Istiompax indica) within the central Indo-
Pacific. Marine and Freshwater Research 67, 1205-1214. 
Williams, S. M., Holmes, B. J. & Pepperell, J. G. (2015b). The novel application of non-lethal Citizen 
science tissue sampling in recreational fisheries. PLoS ONE 10, e0135743. 
 125 
 
Williams, S. M., Holmes, B. J., Tracey, S. R., Pepperell, J. G., Domeier, M. L. & Bennett, M. B. 
(2017a). Environmental influences and ontogenetic differences in vertical habitat use of black 
marlin (Istiompax indica) in the southwestern Pacific. Royal Society Open Science 4, 170694. 
Williams, S. M., McDowell, J. R., Bennett, M., Graves, J. E. & Ovenden, J. R. (2018). Analysis of 
whole mitochondrial genome sequences increases phylogenetic resolution of istiophorid 
billfishes. Bulletin of Marine Science 94, 73-84. 
Williams, S. M., Pepperell, J. G., Corley, S. W. & Ovenden, J. R. (2014). Isolation and characterisation 
of 18 polymorphic microsatellite loci for black marlin (Istiompax indica) and their utility for 
Pacific billfish species. Fisheries Research 166, 29-32. 
Wood, S. (2006). Generalized additive models: an introduction with R. CRC press (Boca Raton, 
Florida). 
Worm, B., Hilborn, R., Baum, J. K., Branch, T. A., Collie, J. S., Costello, C., Fogarty, M. J., Fulton, 
E. A., Hutchings, J. A., Jennings, S., Jensen, O. P., Lotze, H. K., Mace, P. M., McClanahan, T. 
R., Minto, C., Palumbi, S. R., Parma, A. M., Ricard, D., Rosenberg, A. A., Watson, R. & Zeller, 
D. (2009). Rebuilding global fisheries. Science 325, 578-585. 
Yu, L., Li, Y.-W., Ryder, O. A. & Zhang, Y.-P. (2007). Analysis of complete mitochondrial genome 
sequences increases phylogenetic resolution of bears (Ursidae), a mammalian family that 
experienced rapid speciation. BMC Evolutionary Biology 7, 198. 
Zainuddin, M., Kiyofuji, H., Saitoh, K. & Saitoh, S.-I. (2006). Using multi-sensor satellite remote 
sensing and catch data to detect ocean hot spots for albacore (Thunnus alalunga) in the 
northwestern North Pacific. Deep Sea Research Part II: Topical Studies in Oceanography 53, 
419-431. 
Zischke, M. T., Griffiths, S. P. & Tibbetts, I. R. (2012). Catch and effort from a specialised recreational 
pelagic sport fishery off eastern Australia. Fisheries Research 127–128, 61-72. 
Zuur, A., Ieno, E. & Smith, G. (2007). Analysing Ecological Data. Series: Statistics for Biology and 
Health. (Gail M., Krickeberg K., Samet JM, Tsiatis A., Wong W., Eds), 672. 
 
 126 
 
Appendix 1. Animal ethics approval letter 
 
 
 
 
 
 
 127 
 
Appendix 2. Supplementary material 
 
Chapter 5 - Global genetic stock structure of black marlin (Istiompax indica) 
and its relevance to fishery management – supplementary information 
 
The results of STUCTURE and CLUMPP cluster analysis for the Microsatellite, Neutral-SNP 
and Positive-SNP datasets can be found at http://espace.library.uq.edu.au/view/UQ:717025  
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Table S1. Results of analysis of molecular variance (AMOVA) groupings of microsatellites, neutral-SNP and positive-SNP outputs. 
Population Structure Groupings Locations 
Source 
of 
Variation 
Microsatellites Neutral SNPs Positive SNPs Msats n=101 
% 
Var. P-value 
% 
Var. P-value % Var. P-value % Var. P-value 
Three-stock model (Williams et al. 2015) FCT 0.52  0.00000* 0.53  0.00098* 1.69  0.00098* 0.03 0.41349 
G1: Stock 1: Pacific Ocean (East.Aus; South.Am; Central.Am & HAW) FSC 0.24  0.01857 -0.07  0.79374 5.09  0.00000* 0.21 0.25513 
G2: Stock 2: North-western Ocean (TWN; VTN) FIS 4.76  0.00000* 3.09  0.02835 4.42  0.01075 5.63 0.00098* 
G3: Stock 3: Indian Ocean (GoC; West.Aus; SRI; KEN; MOZ & SA) FIT 94.47  0.00000* 96.46  0.02151 88.8  0.00000* 94.13 0.00000* 
Two-stock model (by ocean basin) FCT 0.33  0.00098* 0.23  0.05670 0.38  0.13099 - - 
G1: Stock 1: Pacific Ocean (East.Aus; South.Am; Central.Am; HAW; 
TWN & VTN) 
FSC 0.44  0.00000* 0.19  0.00684 6.13  0.00000* - -  
FIS 4.76  0.00000* 3.09  0.02346 4.43  0.00782 - - 
G2: Stock 2: Indian Ocean (GoC; West.Aus; SRI; KEN; MOZ & SA) FIT 94.47  0.00000* 96.5  0.01564 89.06  0.00000* - - 
Three-stock model (equatorial pacific stocks) FCT 0.49  0.00000* 0.35  0.10850 -0.1  0.40274 - - 
G1: Stock 1: South Pacific Ocean (East.Aus & South.Am) FSC 0.26  0.01466 0.04  0.31476 6.44  0.00000* - - 
G2: Stock 2:  North-western Ocean (TWN; VTN; Central.Am & HAW) FIS 4.76  0.00000* 3.09  0.03519 4.44  0.00978 - - 
G3: Stock 3: Indian Ocean (GoC; West.Aus; SRI; KEN; MOZ & SA) FIT 94.49  0.00000* 96.52  0.02737 89.22  0.00000* - - 
Two-stock model (Bayesian K) FCT 0.31  0.00098* 0.49  0.01466 1.79  0.01955 - - 
G1: Stock 1: Pacific Ocean (East.Aus; South.Am; Central.Am & HAW) FSC 0.44  0.00000* 0.05  0.25024 5.34  0.00000* - - 
G2: Stock 2: Indian Ocean (GoC; West.Aus; SRI; KEN; MOZ; SA; 
TWN & VTN) 
FIS 4.76  0.00000* 3.08  0.02444 4.4  0.01075 - - 
  FIT 94.49  0.00000* 96.37  0.02737 88.47  0.00000* - - 
FCT: among groups; FSC: among locations within groups; FIS: among individuals within locations; FIT: Within individuals. Asterixis are placed next to significance comparisons P <0.001 
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Table S2. Summary statistics for 17 microsatellite loci per location. Sample location are as in Table 1; Other abbreviations are as follows: Number of individuals (N), number of alleles observed per locus (NA), 
effective number of alleles per locus (NE), Information Index (I), observed (HO) and expected heterozygosities (HE), Wright’s inbreeding coefficient of individuals relative to the subpopulation (FIS). 
Population  ISIN01  ISIN02 
 
ISIN03 
 
ISIN05 
 
ISIN08 
 
ISIN11 
 
ISIN13 
 
ISIN15 
 
ISIN16 
 
ISIN17 
 
ISIN18 
 
ISIN19 
 
ISIN29 
 
ISIN33 
 
ISIN37 
 
ISIN40 
 
ISIN42 
E.Aus80' N 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 31 
  Na 17 7 9 11 7 6 2 3 3 3 5 5 8 3 2 3 4 
  Ne 7.642 5.020 4.452 7.186 3.751 3.765 1.717 1.474 2.723 1.534 1.882 2.893 4.357 1.889 1.098 1.171 2.750 
  I 2.372 1.708 1.739 2.113 1.563 1.482 0.608 0.610 1.043 0.582 0.923 1.305 1.658 0.748 0.189 0.313 1.134 
  Ho 0.844 0.875 0.781 0.844 0.813 0.781 0.344 0.313 0.688 0.281 0.438 0.781 0.719 0.594 0.094 0.156 0.677 
  He 0.869 0.801 0.775 0.861 0.733 0.734 0.417 0.322 0.633 0.348 0.469 0.654 0.771 0.471 0.089 0.146 0.636 
  F 0.029 -0.093 -0.008 0.020 -0.108 -0.064 0.177 0.029 -0.086 0.192 0.067 -0.194 0.067 -0.261 -0.049 -0.070 -0.065 
E.Aus90' N 26 26 26 26 26 26 26 26 26 24 26 26 26 26 26 25 25 
  Na 11 7 8 10 7 6 2 3 3 2 4 5 6 3 2 3 5 
  Ne 7.191 4.863 4.568 7.042 3.819 3.919 1.401 1.368 2.393 1.280 1.929 3.052 3.787 1.675 1.257 1.176 2.934 
  I 2.163 1.697 1.670 2.101 1.571 1.509 0.461 0.516 0.943 0.377 0.920 1.320 1.524 0.652 0.358 0.324 1.252 
  Ho 0.923 0.654 0.731 0.923 0.923 0.885 0.269 0.308 0.538 0.167 0.538 0.538 0.692 0.462 0.231 0.160 0.760 
  He 0.861 0.794 0.781 0.858 0.738 0.745 0.286 0.269 0.582 0.219 0.482 0.672 0.736 0.403 0.204 0.150 0.659 
  F -0.072 0.177 0.064 -0.076 -0.251 -0.188 0.059 -0.143 0.075 0.238 -0.118 0.199 0.059 -0.145 -0.130 -0.070 -0.153 
E.Aus10’ N 61 60 59 61 61 61 61 61 61 59 60 60 61 59 60 57 60 
  Na 18 7 13 11 7 7 3 3 3 2 6 5 8 3 2 3 5 
  Ne 7.128 5.643 4.704 6.171 3.614 3.888 1.556 1.470 2.430 1.349 2.366 2.838 3.496 1.563 1.142 1.322 2.785 
  I 2.321 1.803 1.819 2.017 1.545 1.556 0.574 0.592 0.962 0.427 1.117 1.271 1.511 0.598 0.245 0.438 1.176 
  Ho 0.967 0.867 0.814 0.852 0.721 0.754 0.295 0.361 0.541 0.203 0.617 0.600 0.689 0.424 0.133 0.211 0.633 
  He 0.860 0.823 0.787 0.838 0.723 0.743 0.357 0.320 0.588 0.259 0.577 0.648 0.714 0.360 0.124 0.244 0.641 
  F -0.125 -0.053 -0.033 -0.017 0.003 -0.015 0.174 -0.128 0.081 0.213 -0.068 0.074 0.036 -0.177 -0.071 0.136 0.012 
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HAW N 8 8 7 8 8 8 8 8 8 8 8 8 8 8 8 8 8 
  Na 8 6 6 7 6 5 2 2 3 3 3 5 5 3 1 2 3 
  Ne 5.565 5.565 3.500 5.120 4.571 3.200 1.753 1.133 2.462 1.471 1.684 2.667 3.657 1.662 1.000 1.133 2.462 
  I 1.873 1.754 1.475 1.771 1.630 1.332 0.621 0.234 0.974 0.602 0.736 1.244 1.424 0.703 0.000 0.234 0.974 
  Ho 1.000 0.625 0.714 0.875 0.750 0.875 0.625 0.125 0.500 0.125 0.500 0.750 0.750 0.500 0.000 0.125 0.625 
  He 0.820 0.820 0.714 0.805 0.781 0.688 0.430 0.117 0.594 0.320 0.406 0.625 0.727 0.398 0.000 0.117 0.594 
  F -0.219 0.238 0.000 -0.087 0.040 -0.273 -0.455 -0.067 0.158 0.610 -0.231 -0.200 -0.032 -0.255 #N/A -0.067 -0.053 
Central.Am N 19 19 13 19 19 19 18 19 19 18 19 16 18 19 17 19 19 
  Na 12 6 7 8 6 6 2 3 3 1 4 5 7 2 1 3 4 
  Ne 6.505 4.628 5.365 5.157 3.471 3.780 1.600 1.375 2.635 1.000 2.971 2.296 3.086 1.498 1.000 1.383 2.569 
  I 2.176 1.651 1.775 1.835 1.456 1.497 0.562 0.507 1.020 0.000 1.217 1.125 1.483 0.515 0.000 0.537 1.057 
  Ho 0.842 0.737 0.769 0.842 0.579 0.842 0.278 0.316 0.579 0.000 0.737 0.625 0.722 0.421 0.000 0.263 0.789 
  He 0.846 0.784 0.814 0.806 0.712 0.735 0.375 0.273 0.620 0.000 0.663 0.564 0.676 0.332 0.000 0.277 0.611 
  F 0.005 0.060 0.055 -0.045 0.187 -0.145 0.259 -0.157 0.067 #N/A -0.111 -0.107 -0.068 -0.267 #N/A 0.050 -0.293 
KEN N 37 37 35 37 37 37 37 37 37 37 35 37 37 37 37 37 37 
  Na 10 7 10 10 6 6 2 5 3 3 4 5 7 2 2 3 4 
  Ne 6.397 5.390 5.126 7.845 3.598 4.212 1.339 1.531 2.752 1.280 2.033 3.389 3.360 1.718 1.305 1.320 3.012 
  I 2.071 1.771 1.873 2.159 1.486 1.568 0.420 0.723 1.051 0.435 0.970 1.312 1.464 0.609 0.396 0.487 1.206 
  Ho 0.919 0.838 0.886 0.946 0.730 0.730 0.243 0.324 0.568 0.081 0.371 0.757 0.622 0.162 0.270 0.270 0.595 
  He 0.844 0.814 0.805 0.873 0.722 0.763 0.253 0.347 0.637 0.219 0.508 0.705 0.702 0.418 0.234 0.243 0.668 
  F -0.089 -0.029 -0.100 -0.084 -0.011 0.043 0.039 0.065 0.108 0.629 0.269 -0.074 0.115 0.612 -0.156 -0.114 0.110 
E.Aus00' N 37 37 37 37 37 37 37 37 37 36 37 37 35 37 37 37 37 
  Na 13 7 7 10 6 7 2 4 3 2 5 4 8 2 2 4 4 
  Ne 7.959 5.369 5.127 6.646 3.787 3.440 1.408 1.323 2.671 1.456 2.625 2.521 4.545 1.513 1.027 1.437 2.960 
  I 2.244 1.767 1.743 2.036 1.538 1.461 0.465 0.524 1.037 0.493 1.171 1.109 1.718 0.522 0.072 0.604 1.189 
 131 
 
  Ho 0.811 0.757 0.838 0.919 0.730 0.649 0.351 0.270 0.622 0.167 0.486 0.730 0.829 0.324 0.027 0.351 0.730 
  He 0.874 0.814 0.805 0.850 0.736 0.709 0.290 0.244 0.626 0.313 0.619 0.603 0.780 0.339 0.027 0.304 0.662 
  F 0.073 0.070 -0.041 -0.082 0.008 0.085 -0.213 -0.106 0.006 0.468 0.214 -0.209 -0.062 0.043 -0.014 -0.156 -0.102 
SA N 26 24 20 26 26 26 26 26 26 25 26 25 23 25 23 22 26 
  Na 13 7 9 11 6 7 3 3 3 2 5 5 6 3 2 3 4 
  Ne 9.389 5.383 4.233 7.596 3.066 3.841 1.754 1.431 2.742 1.220 2.605 2.894 3.752 1.691 1.240 1.259 3.066 
  I 2.362 1.761 1.717 2.174 1.413 1.509 0.714 0.580 1.051 0.325 1.187 1.225 1.477 0.714 0.344 0.411 1.219 
  Ho 0.885 0.917 0.750 0.885 0.731 0.731 0.423 0.308 0.615 0.200 0.692 0.680 0.739 0.320 0.217 0.227 0.769 
  He 0.893 0.814 0.764 0.868 0.674 0.740 0.430 0.301 0.635 0.180 0.616 0.654 0.733 0.409 0.194 0.206 0.674 
  F 0.010 -0.126 0.018 -0.019 -0.085 0.012 0.015 -0.022 0.031 -0.111 -0.124 -0.039 -0.008 0.217 -0.122 -0.106 -0.142 
South.Am N 12 11 10 12 12 12 12 11 12 12 12 11 10 12 11 11 12 
  Na 13 5 6 9 6 6 2 3 3 2 3 6 4 3 1 2 4 
  Ne 8.471 3.457 5.128 5.647 3.236 3.556 1.385 1.322 2.165 1.087 1.986 3.667 2.941 1.524 1.000 1.095 2.526 
  I 2.362 1.390 1.692 1.929 1.452 1.478 0.451 0.485 0.919 0.173 0.792 1.491 1.221 0.616 0.000 0.185 1.084 
  Ho 1.000 0.636 0.800 1.000 0.583 0.750 0.333 0.182 0.417 0.083 0.750 0.636 0.500 0.250 0.000 0.091 0.333 
  He 0.882 0.711 0.805 0.823 0.691 0.719 0.278 0.244 0.538 0.080 0.497 0.727 0.660 0.344 0.000 0.087 0.604 
  F -0.134 0.105 0.006 -0.215 0.156 -0.043 -0.200 0.254 0.226 -0.043 -0.510 0.125 0.242 0.273 N/A -0.048 0.448 
WA N 74 74 74 74 72 71 74 74 74 71 74 74 71 74 74 73 72 
  Na 13 8 13 13 7 6 3 5 3 2 6 5 8 3 2 4 4 
  Ne 6.129 5.384 4.787 7.481 3.102 4.663 1.661 1.552 2.806 1.216 2.540 3.452 4.118 2.054 1.129 1.438 3.003 
  I 2.134 1.802 1.878 2.178 1.444 1.632 0.615 0.707 1.061 0.322 1.169 1.381 1.615 0.827 0.229 0.591 1.205 
  Ho 0.824 0.838 0.730 0.851 0.694 0.775 0.297 0.392 0.703 0.113 0.527 0.703 0.761 0.419 0.122 0.315 0.625 
  He 0.837 0.814 0.791 0.866 0.678 0.786 0.398 0.356 0.644 0.178 0.606 0.710 0.757 0.513 0.114 0.305 0.667 
  F 0.015 -0.029 0.078 0.017 -0.025 0.014 0.253 -0.102 -0.092 0.366 0.131 0.011 -0.004 0.184 -0.065 -0.034 0.063 
GoC N 17 17 17 17 16 16 17 17 17 17 17 17 16 17 17 17 16 
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  Na 12 6 6 8 6 7 2 4 3 2 4 5 6 3 2 3 4 
  Ne 10.704 4.817 3.400 5.667 4.000 4.129 1.710 1.357 1.883 1.125 2.513 3.959 2.943 2.072 1.262 1.197 3.220 
  I 2.428 1.648 1.464 1.873 1.521 1.616 0.606 0.557 0.783 0.224 1.080 1.443 1.371 0.794 0.362 0.355 1.243 
  Ho 0.941 0.824 0.824 0.765 0.625 0.688 0.471 0.294 0.529 0.118 0.647 0.706 0.688 0.412 0.235 0.176 0.875 
  He 0.907 0.792 0.706 0.824 0.750 0.758 0.415 0.263 0.469 0.111 0.602 0.747 0.660 0.517 0.208 0.164 0.689 
  F -0.038 -0.039 -0.167 0.071 0.167 0.093 -0.133 -0.118 -0.129 -0.063 -0.075 0.056 -0.041 0.204 -0.133 -0.074 -0.269 
TWN N 39 39 39 39 38 38 39 39 39 38 39 39 39 39 39 37 38 
  Na 14 7 11 13 7 6 3 4 3 3 4 4 7 4 2 2 4 
  Ne 7.760 4.753 6.686 8.069 3.583 4.216 1.724 1.676 2.620 1.404 2.889 2.690 3.851 1.697 1.166 1.272 2.908 
  I 2.268 1.690 2.024 2.252 1.516 1.594 0.730 0.788 1.020 0.504 1.215 1.178 1.549 0.761 0.271 0.370 1.179 
  Ho 0.897 0.846 0.897 0.846 0.763 0.868 0.487 0.359 0.718 0.132 0.692 0.692 0.821 0.487 0.154 0.189 0.711 
  He 0.871 0.790 0.850 0.876 0.721 0.763 0.420 0.403 0.618 0.288 0.654 0.628 0.740 0.411 0.142 0.214 0.656 
  F -0.030 -0.072 -0.055 0.034 -0.059 -0.138 -0.161 0.110 -0.161 0.543 -0.059 -0.102 -0.108 -0.187 -0.083 0.115 -0.083 
TWN90' N 30 30 24 29 30 30 29 30 30 29 28 30 30 30 25 25 29 
  Na 14 5 11 10 7 6 3 4 3 2 4 4 8 3 2 3 4 
  Ne 7.563 4.018 5.789 7.008 4.009 4.700 2.046 1.751 2.761 1.071 2.529 2.773 4.455 1.484 1.083 1.326 2.584 
  I 2.260 1.473 2.015 2.085 1.569 1.661 0.797 0.820 1.052 0.150 1.124 1.192 1.699 0.558 0.168 0.462 1.084 
  Ho 0.900 0.700 0.750 0.931 0.767 0.833 0.448 0.367 0.767 0.069 0.750 0.533 0.600 0.333 0.080 0.280 0.655 
  He 0.868 0.751 0.827 0.857 0.751 0.787 0.511 0.429 0.638 0.067 0.605 0.639 0.776 0.326 0.077 0.246 0.613 
  F -0.037 0.068 0.093 -0.086 -0.021 -0.059 0.123 0.145 -0.202 -0.036 -0.241 0.166 0.226 -0.022 -0.042 -0.140 -0.069 
MOZ N 21 21 21 21 21 21 21 21 21 19 21 21 21 21 21 21 21 
  Na 10 7 9 9 6 7 3 3 3 2 4 4 6 3 2 3 4 
  Ne 6.945 5.250 5.250 6.837 3.150 3.500 1.893 1.156 2.818 1.232 1.922 2.873 3.920 2.066 1.153 1.215 2.513 
  I 2.095 1.766 1.839 2.028 1.406 1.502 0.773 0.303 1.064 0.336 0.905 1.183 1.503 0.848 0.257 0.381 1.053 
  Ho 0.952 0.905 0.762 0.857 0.762 0.667 0.524 0.143 0.619 0.211 0.476 0.619 0.714 0.619 0.143 0.190 0.571 
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  He 0.856 0.810 0.810 0.854 0.683 0.714 0.472 0.135 0.645 0.188 0.480 0.652 0.745 0.516 0.133 0.177 0.602 
  F -0.113 -0.118 0.059 -0.004 -0.116 0.067 -0.111 -0.059 0.040 -0.118 0.007 0.050 0.041 -0.200 -0.077 -0.077 0.051 
SRI N 6 6 6 6 6 6 6 6 6 6 5 6 6 6 6 3 6 
  Na 9 5 6 7 4 6 3 3 3 2 3 5 3 3 1 1 2 
  Ne 7.200 3.000 4.500 5.143 2.400 4.800 1.412 1.412 2.880 1.385 1.852 3.273 1.674 2.000 1.000 1.000 1.600 
  I 2.095 1.314 1.633 1.792 1.075 1.661 0.566 0.566 1.078 0.451 0.802 1.352 0.721 0.868 0.000 0.000 0.562 
  Ho 0.833 0.833 0.833 0.833 0.667 1.000 0.333 0.333 0.500 0.333 0.600 0.833 0.167 0.500 0.000 0.000 0.500 
  He 0.861 0.667 0.778 0.806 0.583 0.792 0.292 0.292 0.653 0.278 0.460 0.694 0.403 0.500 0.000 0.000 0.375 
  F 0.032 -0.250 -0.071 -0.034 -0.143 -0.263 -0.143 -0.143 0.234 -0.200 -0.304 -0.200 0.586 0.000 N/A N/A -0.333 
VTN N 19 18 18 19 19 19 19 19 19 18 17 19 19 19 19 16 19 
  Na 11 7 7 11 6 6 2 3 3 2 4 4 7 3 2 6 4 
  Ne 7.763 4.154 5.400 5.918 2.935 3.924 1.430 1.630 2.704 1.246 2.321 2.947 3.840 1.306 1.170 1.605 2.876 
  I 2.191 1.626 1.787 2.018 1.345 1.569 0.478 0.698 1.039 0.349 1.083 1.191 1.557 0.455 0.276 0.848 1.185 
  Ho 0.842 0.833 0.889 0.895 0.632 0.737 0.368 0.368 0.632 0.111 0.529 0.684 0.737 0.263 0.158 0.438 0.632 
  He 0.871 0.759 0.815 0.831 0.659 0.745 0.301 0.386 0.630 0.198 0.569 0.661 0.740 0.234 0.145 0.377 0.652 
  F 0.033 -0.098 -0.091 -0.077 0.042 0.011 -0.226 0.047 -0.002 0.438 0.070 -0.036 0.004 -0.124 -0.086 -0.161 0.032 
Mean across populations  ISIN01  ISIN02 
 
ISIN03 
 
ISIN05 
 
ISIN08 
 
ISIN11 
 
ISIN13 
 
ISIN15 
 
ISIN16 
 
ISIN17 
 
ISIN18 
 
ISIN19 
 
ISIN29 
 
ISIN33 
 
ISIN37 
 
ISIN40 
 
ISIN42 
  N 29.000 28.688 27.375 28.938 28.750 28.688 28.875 28.938 29.000 28.063 28.500 28.625 28.250 28.813 28.250 27.500 28.500 
  Na 12.375 6.500 8.625 9.875 6.250 6.250 2.438 3.438 3.000 2.188 4.250 4.750 6.500 2.875 1.750 3.000 3.938 
  Ne 7.519 4.793 4.876 6.533 3.506 3.971 1.612 1.435 2.590 1.272 2.290 3.011 3.611 1.713 1.127 1.272 2.736 
  I 2.213 1.664 1.759 2.022 1.471 1.539 0.590 0.576 1.006 0.359 1.026 1.270 1.468 0.674 0.198 0.409 1.113 
  Ho 0.899 0.793 0.798 0.879 0.717 0.785 0.381 0.298 0.596 0.150 0.584 0.679 0.672 0.406 0.117 0.215 0.655 
  He 0.864 0.785 0.789 0.843 0.708 0.745 0.370 0.294 0.609 0.203 0.551 0.662 0.707 0.406 0.106 0.203 0.625 
  F -0.041 -0.012 -0.012 -0.043 -0.013 -0.054 -0.034 -0.025 0.022 0.208 -0.068 -0.030 0.066 -0.007 -0.086 -0.054 -0.053 
 134 
 
 
 
Figure S1 Discriminate analysis of principal components plot showing the clustering based 
on K=2 for the positive-SNP data. Abbreviation are as follows; E. Aus, eastern Australia; 
C.Am, Central America; HAW, Hawaii; TWN,  Taiwan; VTN, Vietnam; GoC, Gulf of 
Carpentaria; WA, Western Australia; KEN, Kenya. Inertia ellipses for each population 
represents 95% of variability for grouping of points around the centroid. 
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Figure S2 Discriminate analysis of principal components plot showing the clustering based 
on K=2 for the Neutral-SNP data. Abbreviation are as follows; E. Aus, eastern Australia; 
C.Am, Central America; HAW, Hawaii; TWN,  Taiwan; VTN, Vietnam; GoC, Gulf of 
Carpentaria; WA, Western Australia; KEN, Kenya. Inertia ellipses for each population 
represents 95% of variability for grouping of points around the centroid. 
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Figure S3 Discriminate analysis of principal components plot showing the clustering based 
on K=3 for the Neutral-SNP data. Abbreviation are as follows; E. Aus, eastern Australia; 
C.Am, Central America; HAW, Hawaii; TWN,  Taiwan; VTN, Vietnam; GoC, Gulf of 
Carpentaria; WA, Western Australia; KEN, Kenya. Inertia ellipses for each population 
represents 95% of variability for grouping of points around the centroid. 
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Figure S4 Structure plot showing the clustering based on K=2 for the microsatellite run with 
no location priors. Abbreviation are as follows; Eastern Australia, E.Aus;  South America, 
South.Am; Central America, Central.Am; Hawaii, HAW; Vietnam, VTN; Taiwan, TWN; 
Gulf of Carpentaria, GoC; Western Australia, West.Aus; Sri Lanka, SRI; Kenya, KEN; 
Mozambique, MOZ; South Africa, SA. 
 
 
 
 
 
 
 
 
